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Abstract 
Market-driven requirements for better performance of gas-turbine engines are the main drive 
towards the development of more advanced Ni-based superalloy/coating systems. The 
durability of such coated components is a crucial issue faced by the power generation and the 
aircraft industries, because coating life mainly controls the refurbishment and replacement of 
many engine parts, such as blades. Coated systems undergo a number of microstructural 
changes as a result of thermal exposure, which need to be understood for the creation of 
accurate microstructure-based life-prediction models. 
This work was mainly concerned with the evolution of the microstructure in both the parent 
material and the coating as a function of temperature and time in a number of single crystal 
Ni-based superalloys, coated with an MCrAIY coating. The microstructural changes occurring 
at various time/temperature conditions were studied using thermodynamic equilibrium 
calculations, scanning electron microscopy and energy dispersive X -ray analysis. 
Significant microstructural changes were observed in all of the thermally exposed coated 
superalloy systems investigated. The outer oxide thickness increased with increasing time and 
temperature of exposure, and gradually became enriched in AI and Cr as expected, but also in 
Y, Ti and Ta. Regions in the coating which were depleted in the j3-NiAI phase also increased 
with increasing thermal exposure. The coatinglsubstrate interdiffusion region also underwent 
important microstructural changes, which included significant y' rafting and the formation of 
Cr-rich phases. Changes observed in the substrate materials were limited to the coarsening of 
the y' phase and the degradation of MC carbides into lower carbides in the carbon containing 
materials. Thermodynamic equilibrium calculations were able to provide a useful insight into 
the consequences of diffusional transport for key diffusing elements. 
A diffusion-based model was developed for the prediction of concentration/distance profiles 
for AI, Cr and Ni, which was then linked to thermodynamic equilibrium calculations for the 
prediction of the microstructure at different times/temperatures in a coated system. Good 
agreement was found between model predictions in those regions of the system and at 
temperatures in which y was the predominant phase experimentally observed, however, the 
model was less accurate at lower temperatures, and requires further work in respect of the 
parameters for the oxidation kinetics of Cr in particular. Nevertheless, the model was able to 
accurately predict the Al concentration at the coating surface, which could be used as a 
tracking parameter for remanent life assessment. 
11 
Contents 
Acknowledgments 
Abstract 
Contents 
1. Introduction 
J 
2. Literature Review 
2.1 Introduction 
2.2 General Aspects of Nickel-Based Superalloys 
2.3 Microstructure of Ni-based Superalloys 
2.3.1 Chemistry 
2.3.2 Phases 
2.3.3 Prediction of Phase Composition 
2.3.4 Segregation and its Effects on Microstructure 
2.4 Heat Treatments 
2.4.1 Homogenisation 
2.4.2 Solution Heat Treatment 
2.4.3 Coating Heat Treatment 
2.4.4 Ageing 
2.5 Microstructural Changes Resulting from High Temperature Exposure 
2.5.1 Coarsening 
2.5.2 Rafting 
2.5.3 Carbide Transformations During High Temperature Exposure 
2.6 Main Mechanisms of Failure for Ni-based Superalloys in Service 
2.6.1 Creep 
2.6.2 Fatigue 
2.7 Protective Coatings for Ni-based Superalloys 
2.7.1 Diffusion-type Coatings 
2.7.2 Overlay Coatings 
Page 
11 
iii 
1 
5 
6 
6 
9 
9 
11 
19 
20 
21 
21 
22 
24 
24 
24 
25 
28 
29 
30 
30 
33 
36 
38 
40 
iii 
2.7.3 Thermal Barrier Coatings 44 
3. Experimental Methods 47 
3.1 Introduction 48 
3.2 Materials 48 
3.3 Heat Treatment Test Programme 52 
3.4 Metallographic Preparation of Samples 53 
3.5 Etching Techniques 55 
3.5.1 Background 56 
3.5.2 Delineating Etchants: Experimental Procedure and Results 57 
3.5.3 Solutions for Electrolytic Etching: Experimental Procedure and Results 58 
3.5.4 Summary 59 
3.6 Scanning Electron Microscopy 63 
3.7 Energy Dispersive X-ray (EDX) Analysis 64 
3.7.1 EDX Elemental Mapping 65 
3.8 Thermodynamic Calculations 66 
3.8.1 The Theory of Modelling Muiticomponent Equilibria 67 
3.8.2 Prediction of Phase Equilibria 71 
3.8.3 Thermodynamic Modelling Software: MTDATA 72 
3.8.4 Thermodynamic Modelling Software: ThermoCalc 73 
3.8.5 Thermochemical Databases 73 
4. Characterisation of Alloy IN792 75 
4.1 Introduction 76 
4.2 Thermodynamic Equilibrium Calculations for IN792 76 
4.3 Microstructure of Alloy IN792 80 
4.3.1 SEM Investigations 80 
4.3.2 EDX Analysis 81 
4.4 Summary 84 
5. Characterisation of Alloy CMSX4 and its C-Containing Variants 85 
5.1 Introduction 86 
5.2 Thermodynamic Equilibrium Calculations 86 
IV 
5.3 Thermodynamic Equilibrium "Thought" Experiments 94 
5.4 Microstructure of the CMSX4 Materials 97 
5.4.1 SEM Investigations 98 
5.4.2 EDX Analysis 104 
5.5 Summary 110 
6. Characterisation of Alloy DCT6 112 
6.1 Introduction 113 
6.2 Thermodynamic Equilibrium Calculations for DCT6 113 
6.3 Thermodynamic Equilibrium "Thought" Experiments 118 
6.3.1 Changes in the Nominal Cr Concentration ofDCT6 119 
6.3.2 Changes in the Nominal Al concentration ofDCT6 123 
6.3.3 Changes in the Nominal Concentration of Other Alloying Elements in DCT6 126 
6.4 Microstructure of Alloy DCT6 131 
6.5 Summary 136 
7. Characterisation of Coated Systems 137 
7.1 Introduction 138 
7.2 Thermodynamic Equilibrium Calculations for AMDRY997 139 
7.3 Thermodynamic Equilibrium "Thought" Experiments for AMDRY997 143 
7.3.1 Changes in the Nominal Al Concentration of AMDRY997 143 
7.3.2 Changes in the Nominal Cr Concentration of AMDRY997 144 
7.4 Microstructure of AMDRY997mCT6 System (As-Received) 147 
7.5 Microstructure of AMDRY997mCT6 System Thermally Exposed 152 
7.5.1 Microstructure of AMDRY997IDCT6 System Thermally Exposed at 850°C 152 
7.5.2 Microstructure of AMDRY997IDCT6 System Thermally Exposed at 950°C 177 
7.5.3 Microstructure of AMDRY997IDCT6 System Thermally Exposed at lOOO°C 196 
7.5.4 Microstructure of AMDR Y997IDCT6 System Thermally Exposed at 1050°C 200 
7.6 Microstructure of AMDRY997/CMSX4 B/C HC System 210 
7.6.1 Microstructure of AMDRY997/CMSX4 System Thermally Exposed at 950°C 210 
7.6.2 Summary of Main Microstructural Observations for the 
AMDRY997/CMSX4 B/C HC System Thermally Exposed at 950°C 214 
7.7 Summary 215 
v 
8. A Diffusion-Based Model of Oxidation Lifetime and 
Microstructural Evolution in Coated Single Crystal Ni-Based 
SuperaIloys 217 
8.1 Introduction 218 
8.2 Fundamental Aspects of Oxidation Lifetime Modelling for 
MCrAIYINi-based SuperaUoy Systems 220 
8.3 Model Developed in This Research 224 
8.3.1 Model Overview 224 
8.3.2 Theoretical Background to the Model 227 
8.3.3 Development of the Model 234 
8.3.4 Description of the Fortran Computer Program 252 
8.3.5 Critical Parameters and Constants Used Within the Model 256 
8.3.6 Concentration-Distance Profiles for Al and Cr Output by the Model 270 
8.3.7 Validation of Model Predictions Against Experimental Data 277 
8.3.8 Thennodynamic Equilibrium Calculations 297 
8.4 Summary 309 
9. Conclusions and Future Work 311 
9.1 Conclusions 312 
9.1.1 Uncoated Materials 312 
9.1.2 Coated Systems 313 
9.1.3 Modelling Activity 316 
9.2 Future Work 317 
10. References 319 
VI 
1. Introduction 
Nickel-based superalloys, and single crystals in particular, are currently the most widely used 
materials for the hot-gas path components in gas turbine engines used within the power 
generation and the aerospace industries, due to their outstanding ability to withstand severe 
mechanical and thermal stresses. The major challenge faced today by these two industrial 
sectors is to achieve greater thermodynamic efficiency by increasing the turbine inlet 
temperature (TIT) and the combustion gas pressure in gas turbine engines. Reliability and 
maintainability are both crucial issues which have to be addressed to reduce overall life cycle 
costs. Furthermore, legislative regulations have to be met to minimise environmental impact 
by controlling NO" SOx and C02 emissions. 
The TIT depends on the maximum temperature which can be safely experienced in the hottest 
zones of the gas turbine engine by the hot gas path components, such as blades, combustors 
and vanes. In such components, Ni-based superalloys currently allow for peak metal 
temperatures of about 900-950oC to be reached within industrial gas turbines, and of over 
11 OO°C in aero-engines. Market-driven requirements for better engine performance are the 
prime driver towards the development of more advanced superalloy systems, able to 
withstand increasingly severe operating conditions, both from a thermal and a mechanical 
point of view, within oxidative and/or corrosive environments. 
Coatings are widely used to provide protection to hot gas path Ni-based superalloy 
components, such as turbine blades, against high temperature oxidation and corrosion, or a 
loss of mechanical properties caused by the thermally activated diffusion of deleterious 
species into the substrate. In addition to extending the component life, when applied on a 
superalloy substrate that is to be used at very high temperatures, coatings are able to hinder 
the direct interactions of the substrate with the surrounding environment. Generally speaking, 
they all develop their protective action from the interaction/reaction with oxygen present in 
the environment. As a result of this, dense and adherent oxide scales, mainly consisting of 
aluminium and chromium-rich oxides, fonn on the outer surface of the coatings. The 
presence of such oxides slows down any further oxidative/corrosive attack on the coated 
component, and helps minimise the diffusion into the parent material of harmful species, such 
as oxygen and nitrogen. 
The durability of coated Ni-based superalloy components is a crucial issue for both industrial 
and aircraft gas turbines because coating life mainly controls the refurbishment and/or 
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replacement of many engine parts, such as blades and vanes. Coating effectiveness tends to 
decrease as a result of high temperature exposure and thermal cycling which cause aluminium 
depletion, reducing the ability of the coating to form a continuous protective oxide layer. 
Aluminium loss is mainly due to oxidation, spallation and coating/substrate interdiffusion 
phenomena, which are all related to the diffusional transport of aluminium from the coating 
towards the coating/oxide interface and into the substrate. The latter are responsible for the 
alteration of the mechanical properties of the coated component due to the formation of new 
phases, often embrittling, within the so-called interdiffusion affected zone (IDZ) across the 
substrate/coating interface. A complete understanding of the diffusion-assisted degradation 
processes and the microstructural changes taking place within the coating, the IDZ and the 
substrate of a coated Ni-based superalloy component is extremely important for the 
development of more accurate life-prediction methodologies of coatings and coated 
superalloy systems in general. 
The microstructure-based methodologies developed for the creation of remanent-life 
prediction models applicable to the substrate of coated Ni-based superalloy components, are 
usually based on the change in the size of the y'-NhAI precipitates as a function of time and 
temperature. In addition to this, other approaches have been taken, such as monitoring the 
changes in carbide type and composition in some polycrystalline superalloys and linking such 
changes to specific time and temperature conditions. If the engine operating temperature and 
stresses are known, they can then be related to microstructural evolution allowing the 
remaining life of a component to be estimated. 
The main aim ofthis research was to gain a fundamental understanding of the microstructural 
evolution as a function of time and temperature in the parent material, the coating and the 
interdiffusion region within a number of coated Ni-based superalloy systems, currently used 
for power generation applications. This is indeed an essential step towards the creation of a 
complete microstructural-based model, which could be used as a tool for the prediction of the 
effective operating temperature, hence the remanent life assessment, of coated Ni-based 
superalloy components. 
A literature review, focussed on the most relevant aspects of Ni-based superalloys, was 
undertaken during this work and is presented in chapter 2. From an experimental point of 
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view, this research study initially focussed on the microstructural characterisation of a number 
ofuncoated Ni-based superalloy materials in the as-received condition, which are discussed in 
chapters 4, 5 and 6. This was followed by a detailed study of the microstructural evolution 
which occurred within one of these substrate materials, coated with an MCrAIY coating and 
isothennally exposed at various time/temperature conditions to simulate service-exposure, as 
detailed in chapter 7, which fonns the main body of the experimental work. Investigations 
were carried out mainly using scanning electron microscopy and EDX analysis to identifY all 
the microstructural phases and assess the interactions between coating and substrate, as 
described in chapter 3. Thennodynamic equilibrium calculations were also perfonned to assist 
during the phase identification process and to investigate the influence of certain key 
diffusing elements on the microstructures at different temperatures. 
A model was also developed during the course of this research to describe the diffusion 
behaviour of aluminium and chromium in particular, across the coating, the substrate and the 
interdiffusion zone between the two. The principles and underlying equations in the model are 
described in detail in chapter 8. The experimental data gathered from a number of systems 
analysed were used to assess its capability and accuracy. These data included not only the 
identification of the phases present, but also an analysis of the composition changes occurring 
across the coating, substrate and interdiffusion region as a function of time and temperature. It 
was therefore possible to assess the potential use of microstructural parameters in the coated 
system as indicators of its thennal history. The conclusions drawn from this research are 
presented in chapter 9, together with a discussion of the possible areas for its future 
development. 
4 
2. Literature Review 
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2.1 Introduction 
This chapter discusses the main aspects concerning Ni-based superalloys, with particular 
reference to their chemistry and microstructure, the heat treatments which they can be 
subj ected to, their main mechanisms of failure (i.e. creep and fatigue) and the protective 
coatings currently applied on them. It should be noted that only a very general description is 
given of their mechanisms of failure, as this research study was mostly concerned with the 
evolution of microstructure in coated systems as a function of temperature and time. It should 
be noted that an additional literature review of the various modelling approaches and 
methodologies developed for coated Ni-based superalloy systems is presented in chapter 8, 
where relevaIlt to the modelling activity_carried out as part ofJhis research. __ 
2.2 General Aspects of Nickel-Based Superalloys 
A superalloy is generally defined as an alloy based on group VIllA elements, specifically 
designed for elevated temperature service, where high surface stability and the ability to 
withstand severe mechanical stresses are needed[11. By comparison with other metallic 
materials, superalloys can be operated at higher temperatures, which could potentially 
approach 80-90% of their absolute melting point[l·2.J1. Ni-based superalloys display superior 
high-temperature mechanical properties compared to those of other metallic materials, mainly 
due to the presence of stable and hard phases such as intermetallic compounds and 
carbides[I.21, later discussed in greater detail. Indeed, for the hot gas section of gas turbine 
engines, Ni-based superalloys continue to be the materials of prime choice for both turbine 
blading and turbine discs[l,4·S.61. Figure 2.1 illustrates a typical example of an industrial gas 
turbine engine, used for power generation, this being one of the main field of applications for 
Ni-based superalloy materials, such as those investigated as part of this research. 
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Figllre 2.1 Typical example a/industrial gas turbine engine used/or power generation!7l 
Turbine 
(Expansion Stage) 
Combustion Chamber 
Compressor 
(Compression Stage) 
Gas turbine engines are heat engines, which work by means of internal combustion cycles that 
allow the fuel to be combusted in the working fluid lll . The power generation occurs as a result 
of the Brayton thermodynamic cyclel8] This basically consists of three main stages: one in 
which the gas is compressed (compressor stage), followed by that in which combustion occurs 
through injection and ignition inside the combustion chamber, and finally there is the 
expansion of the hot gas through the turbine. It is in this last stage that turbine blades convert 
the kinetic energy of the hot gas exiting the combustor into horsepower, needed to drive the 
compressor and the load devicesI9.11 ] Like in all other thermodynamic cycles, also in the 
Brayton cycle the thermodynamic efficiency and the power output increase with the 
temperature reached by the hot-working flu id at the begilming of the expansion stageI12,13,14l , 
hence the continuous demand for more advanced blading materials capable to sustai.n 
increasingly higher operating temperaturesI6,15,16l. 
At the very preliminary stages of their exploitation, i-based superalloys were mainly aimed 
at the production of aircraft-engine components and were wrought, with mechan ical 
properties which were already superior to those of the other materials ex isting at that time in 
the marketll,17,18] Later on, the needs of better performing aircraft engines drove the 
introduction of a new class of superalloys produced by precision investment casting. These 
were known as conventionally cast Ni-based superalloys. These materials had superior high-
temperature mechanical properties than the wrought typeslll ; furthermore, the use of near-net 
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shape investment casting techniques has enabled the realisation of very complex cooling 
circuits within turbine blades, with much improved creep and thelmal fatigue properties[6] 
A few years later, with the advent of vacuum melting technology, superalloy impurities could 
be removed, and directionally solidified (DS) i-based superalloys were created. The 
directional solidification manufacturing process was exploited in order to improve the 
ductility of superalloys, whilst maintaining the pre-existing levels of strength. Grain structure 
and grain boundaries were created aligned in the direction parallel to that of the applied 
stress[l, 191. The reali sation that the majority of creep and thennal fatigue damage is located on 
the grain boundaries drove the development of the latest class of Ni-based superalloys, 
characterised by the absence of grain boundaries, hence named single crystal (SX)[201. Both 
directionally solidified and single crystal types are currently being used at higher service 
temperatures than their conventionally cast counterparts[l.l8J. Figure 2.2 shows typical 
examples of a CC, DS and a SX turbine blade. 
Figure 2.2 Typical example of a) cc blade, b) DS blade and c) SX bladrPl 
(h ) (c) 
The environment 111 which Ni-based superalloys are currently operated is significantly 
aggressive in ternlS of corrosion and oxidation effects, mainly because of the presence of 
contaminated salts or impure fuels, which are used to run gas turbines[I ,6J . Concerns over hot-
corrosion and high-temperature oxidation attacks, which could significantly reduce the 
superalloy mechanical properties, has led to the application of protective coatings on the 
surface of Ni-based superalloy components[1,21. Nowadays nearly all superalloys used for load 
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bearings app lications at high temperatures are coated. The main types of coatings used on Ni-
based supera lloys for high temperature applications are further discussed in section 2.7. 
2.3 Microstructure of i-based SuperaUoys 
In order to characterise the microstructure of a superalloy it is necessary to know all its 
constituent phases, which in turn are defined by the chemical composition. A i-based 
superalloy can be regarded as a chemically dynamic system, in which changes continuously 
occur in the solid-state, due to the reactions and interactions between all of the phasesfl 1. As 
the temperature rises, all of these reactions and interactions are favoured by faster di ffusion 
rates. This results in a modification of the microstructure, hence of the superalloy properties 
and characteristics, which depends on the different operating conditions. It is therefore very 
important to understand the superalloy microstructure in order to understand the superalloy 
properties and more importantly to predict its evolution under specific processing and 
operating service conditions[5,171. 
2.3.1 Chem istry 
The major alloying elements that are usually present within a Ni-based superalloy are listed 
below in tab le 2.1. The phases within which they are present, as well as their main roles are 
also reported. 
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Table 2.1 Main alloy ing elements in Ni-based superalloys and their ro/r!1.2·21.21j 
Element Phases Primary Effects Secondary Effects 
Cr Matrix, Ox.idation and Corrosion Resistance Moderate Matrix Strengthening, Carbides TCP Phases Formation 
Mo Matrix, High Matrix Strengtheni ng, Carbides Former Increases Density Carbides 
W Matrix, High Matrix Strengthening, Carbides Former TCP Phases Formation Carbides 
Ta V', Carbides High Matrix Strengthening, y' Fommtion, -Carbides Former 
Nb Matrix, y', High Matrix Strengthening, y' Formation, y" and 6 Phases Formation Carbides Carbides Former 
Ti V', Carbides High y' Formation Matrix Strengthening, Carbides Former 
AI y' High y' Formation Enhances Oxidation Res istance 
Fe Matrix Decreases Oxidation Resistance, -TCP Phases Formation 
Co Matrix Increases Solidus Temperature, lncreases or 
Slight Matrix Strengthening, 
Lowers Solvus Temperature Moderate y/ Formation 
Re Matrix Retards Coarsening, Increases Lattice Misfit Moderate Matrix Strengthening 
Hr y', Carbides, Enhances High Temp. Creep Resistance, y' Strengthening, Enhances 
GB 's Carbides Former Oxidation Res ismnce 
C Carbides Moderate Matrix Strengthening, GB 's Pinning -
B, 2 r GB's Inhibit Carbides Coarsening, Improve GB's Moderate Matrix Strengthening Strength, Improve Creep Strength and Ductili ty 
From the information summarised in table 2. 1, it is possible to classify the various alloying 
elements into three main categories. These are as followsJlL 
• matrix hardeners, which consist of all the elements, usually refractory types, that 
preferably partition to the fcc austeniti c matrix y (i.e. Ni, Co, Fe, Cr, Mo and W). There 
are two major drawbacks related to the presence of such elements within the superalloy 
composition: one is the increase in density of the material, which is undesirab le for 
aircraft applications, and the other is concerned with the evolution of embrittling TCP 
phases, as a consequence of excessive amounts ofCr, Mo and W; 
• y' form ing elements (i .e. AI, Ti, Ta and Co), which are those that partition to and make up 
the NiJX precipitates; 
• elements that segregate to grain boundaries. The addition of both B and Zr can bring about 
a remarkable improvement in the superalloy creep properties. However, it could also 
contribute to the enhancement of grain boundary cracking. This probably occurs because 
of the very odd size that characterises such elements compared to the others present within 
the system (21-29% oversize or undersize). 
10 
In addition to these three major classes of alloying elements, there are two minor classes that 
are worth mentioning[i·21 They are represented by the so-called "carbide formers" and by the 
"oxide fom1ers". The former class includes elements such as Cr, Mo, W, Hf, Co, Ti and Ta, 
whereas the latter comprises of elements that promote the formation of adherent diffusion-
resistant Cr and AI oxide scales, which have a protective action on the material surface 
against further oxidation or corrosion. Hf and Re also are regarded as very important alloying 
elements, the addition of which should be carefu lly controlled. Hf is a slowly diffusing 
element, which was included into the composition of the latest first generation single crystal 
superalloys as well as in all the second and thi rd generation single crystal grades, when it was 
di scovered that it is able to significantly increase the high-temperature creep properti es of the 
superalloysll .23.241. This occurs thanks to the ability of Hfto promote a better grain boundary 
structure. Hf, however, is an extremely reactive element, and this can create problems during 
the melting process. Re, instead, is an element that mainly partitions to the y matri x, retards 
coarsening of the y' stTengthening phase and also increases the y/y' lattice misfit[i ,221. 
Additional elements, other than those reported in table 2.1, can also be present within a 1-
based superalloy. These include Si , P, S, 0 and . Very small percentages of trace elements 
such as Se, TI , Te, Pb and Bi can also be found in a superalloyPl. However, their addition 
must be very carefully controlled, in order to keep their amounts within certain limits in 
criti cal parts of the system. Be has recently been introduced within a model Ni-AI superalloy 
composition. It acts as a so lid solution strengthening element, wi th the big advantage of its 
lightnessl251. Us ing atom probe analyses, the structure of a number of Ni-A1-Be alloys was 
investigated and it was observed that Be atoms substitute on the AI sites within the y' 
phasel25] Furthermore, it is believed that Be is ab le to increase the hardness of the superalloys 
to which it is addedl251. 
2.3.2 Phases 
The major phases that constitute the microstructure ofa Ni-based superalloy arell.2.8.18.26L 
• the y matrix , consisting of a nickel-based austenitic phase with a face centred cubic (fcc) 
crystal structure, and containing a significant percentage of solid solution elements such as 
Co, Mo and W; 
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• the y' phase, which is based on Ni )(AI,Ti) precipitates. Tt is characterised by the L1 2 
ordered structure, fairly similar to the fee austenitic crystal structure of the matrix. In 
figure 2.3 a typical fee structure (a) and a typical LI 2 structure (b) are schematic ally 
shown; 
• carbides, such as MC, M23C6 and M6C, which fonn by the combination of C atoms and 
refractory elements such as Cr, Mo, W, Hf and Ta; 
• "topologically close packed (TCP) phases" , often represented by plate-like phases, such as 
cr, 11 and Laves phases, which are generally thought of as detrimental to the superalloy 
mechanical properties. The fonnation of such phases is generally promoted by elements 
such as Fe and Cr for cr, and Co, Fe, Ni, Mo, Wand Cr with respect to 11[1,2 1. 
Figllre 2,3 Typical (a) fcc crystal structure and (b) Ll2 crystal structurt/27j * 
a) 
* red atoms -) Ni 
yellowaloms -+ A I 
2.3.2.1 The y ?hase 
b) 
The y phase usually represents the matrix in a Ni-based superalloy. It is a continuous Ni-based 
austenitic phase, with a fcc crystallographic structure. Elements such as Co, Cr, W, Mo, AI 
and Ti , are also contained within the matrix and act as solid solution strengthening elements. 
The strengthening behaviour of these elements is mainly attributed to their atomic diameter 
size, which differs from that of the Ni atom by a factor of 1_13%[261, The choice of Ni as the 
base element for thi s phase is due mainly to its very good tolerance towards alloying and its 
abi lity to promote the fomlation of protective scales[1J . 
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Although rarely observed, y can precipitate in y' . However, the driving force towards this 
phenomenon is negligib le due to the fact that the solubility of y-stabilising elements doe not 
change significantly during cooling[21 . The precipitation process of y in y' can occur 
continuously, resulting in the fomlation of fine platelets. The way precipitation occurs 
depends on various parameters, of which the most important is the degree of supersaturation 
of the y phase[21. Furthemlore, y precipitates appear coherent with the y' phase, as also occurs 
in the reverse case ofy' preci pitate particles within the y phase. 
2. 3.2.2 The y' Phase 
In a Ni-based superalloy, an A3B compound is usually referred to as the y' phasell 1. Typically, 
A consists of a relatively low electronegative element, such as Ni or Co, whereas B is an 
electropositive element, such as Ti or AI. The type of y' precipitate most commonly 
encountered within a Ni-based superalloy microstructure is the Ni3(AI,Ti) . This is introduced 
within the austenitic nickel-based matrix by means of precipitation-hardening heat 
treatrnents[261, which are di scussed in section 2.4. The highest volume fraction of y' within a 
superalloy system is reached in the single crystal grade, where there can be up to 70%. This 
percentage represents the optimum value for high creep strength[21. 
Since Ni atoms are incompressible, due to their 3d electronic state, a high Ni matrix 
encourages the precipitation of y' particles because it does not require a significant size 
change[l·261. The lattice misfit between y and y' phases is usually about I %[261; thi s a llows 
nucleation of y' particles to occur in a fairly homogeneous marmer. The resulting precipitates 
are characterised by a low surface energy and a long thennal stability[ll. Furthennore, due to 
the significantly high coherence between the matrix and the y' precipitates, the superalloy 
retains its mechanical properties up to very high temperatures and for relatively long exposure 
times. 
Ni3(AI,Ti) particles are characterised by an Ll2 long-range ordered crystal structure[I.21 .28.291, 
and the degree of order increases with temperature. Hence, superalloys that contain a high 
vo lume fraction of y' precipitates undergo a significant increase in strength as the temperature 
rises up to 800°C[261. This behaviour is typically encountered in any intennetallic compounds, 
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such as the y' phase, which are characterised by an increase in the yield strength with 
temperature up to a criti cal point after which the strength begins to decrease[I,18] 
The y' phase contributes to the superalloy strength by enhancing it in a unique and remarkable 
manner. y' particles, in fact, hinder the movement of dislocation, and do not usually represent 
a source of fracture for the superalloy because of their inherent ductiliryll ,26J.The morphology 
of y' precipitates is genera ll y influenced by the matrix-lattice misfit, 0, which varies with 
temperature. 8 is defined as the normalised di fference in the lattice parameters a and a' of y 
and y' respectively[2L 
8 = (a - a') +(0.5 (a + a')} [2. I} 
Experiments have shown that the variation in Mo content and in the AUTi ratio also influence 
the change in the y' morphology2lJ. For small values of the mismatch (i.e. circa 0.2%), the 
shape of the y' particles is expected to be spherical[I,26] However, as the matrix- lattice misfi t 
increases (0.5-1.0%) the particle shape evolves toward a cuboidal form. y' particles may also 
assume a lanlellar form, as has been observed on superalloys such as directionally so lidified 
(DS) MARM002 type, and single crystal (SX) types RR2000 and SRR99129J. Among these 
three shapes mentioned above, the cuboidal one is believed to be the major source of 
mechanical strength for the superalloy[29] In more advanced alloys the strength of y' is in tum 
improved by the addi tion ofTi or Ta129] 
The precipitation of y' 111 the y matrix phase can be regarded as a continuous process, 
characteri sed by three stages. These consist of nucleation, growth and coarseni ng[2J . 
Nucleation takes place randomly. As the temperature approaches the "solidus" (i .e. the 
equilibrium temperature at which, upon heating, liquid starts to fom1 in a homogeneous 
alloy), y' -fomling elements start to dissolve within the matrix . However the solubi lity of such 
elements begins to fall as soon as temperature decreases[2] Due to the negligible lattice 
mismatch that ex ists between y and y', the y' precipitate nuclei are characterised by a high 
degree of coherence with the matrix. Furthennore, the energy required for the nucleation stage 
to occur is low and this helps precipitation of y' particles to occur without the need for a high 
degree of supercooling[2] However, if there is a high level of supersaturation within the 
matrix, precipitation of y' can also take place at very high cooling rates[l ,2J. 
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Generally speaking, y' precipitates that are present within the superalloy matrix can ex ist in 
two different forms. One is the coarse form , quite blocky, which usually evolves within the 
system after the processing stage and the solution heat treatment. The second form consists of 
the so-called primary y' that is characterised by a fine morphologY2) . This develops within the 
superalloy microstructure as a result of the ageing heat treatmentJl,JOI 
The morphology ofy' particles that precipitate during the continuous cooling process varies as 
they undergo the different stages of their growth. y' particles initially appear as small spherical 
nuclei, which then transform into perfect cubes. These in turn evolve toward the so-called 
"ogdoadically diced" cubes and other complex dendritic and star- like shapes, as shown in 
figure 2.4. 
Figure 2.4 Evolution of r' morphology on continuous cooling2] 
The stars and the cubic shaped dendrites represent particles with a higher interfacia l energy 
compared to that of the normal cube counterparts. This type of morphology has been observed 
in samples that were initially cooled from above the so lvus temperature (i.e. the temperature 
at which, upon cooling, precipitation of the first y' particle occurs) and then quenched very 
rapidlyl2I The growth of the cube corners, that gives rise to these star shaped particles, occurs 
as a result of higher locali sed stresses and their preferential growth direction is associated 
with supersaturation zonesI2). Generally speaking, the existence of a stress fie ld in the vicinity 
of a precipitate promotes nucleation of new particles around it. This is thought to be the 
reason why cuboidal precipitates tend to align themselves in perpendicular directionsl2] 
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2.3.2.3 Carbides 
The role of carbides with respect to the superalloy properties is not straightforward. However, 
it can be assumed that they serve three principal functions. Firstly, grain boundary carbides, if 
adequately formed , make the grain boundary stronger, prevent or retard grain boundary 
sliding, and allow stress relaxation l211 . Secondly, when tine carbides are present within the 
matrix , a strengthening effect will result. Thirdly, carbides can lock up certain elements which 
otherwise would favour the formation of detrimental phases, such as TCP phases, hence 
causing phase instability during service[J8,31J. 
Carbides generally evolve on grain boundaries and to a lesser extent within grainsll ,2,26] They 
are harder and more brittle than the matrix, hence their distribution along the grain boundaries 
significantly influences the high-temperature strength, the ductility and the creep resistance of 
the superalloy. Tt has also been observed that carbide particles affect the chemical stability of 
the superalloy matrixlIJ. Th.is can be explained by considering that carbide formation requires 
the removal of a certain amount of solid solution strengthening elements from the matrix. 
The amount and distribution of carbides have therefore to be carefully balanced. Their effect 
was initially thought to be deleterious to the superalloy creep strength. However, it was later 
discovered and accepted that carbides positively contribute to the creep strength at high 
temperature exposurellJ. 
The main types of carbides present in a nickel-based superalloy are MC, M23C6, and M6CII,2] 
MC carbides are very strong and stable, characterised by a fcc structure. They usually foml 
during cooling from the liquid and appear as discrete particles, with a coarse cubic or script-
like morphology, heterogeneously distributed throughout the microstructure at granular, 
intergranular and also interdendritical sites(J,181. M represents elements such as Ti, Ta, Nb, Mo 
or W12 IJ. These types of carbides are the main source of carbon for the whole superalloy, 
during heat treatments and servicelIJ. 
M23C6 forms as a result of heat treatment, usually in the temperature range 760°C to 980°C, 
but it can also be the product of MC dissolutionl261. They are present in superalloys with a 
high Cr content, as irregular blocky particles, mostly on grain boundaries or in the vicinity of 
MC particles. They can also occur as elongated plates along preferential growth planes, or 
with a regular geometric shape[I,2] M in this case usually represents Cr, Mo or W121] The 
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M6C type forms between 815°C and 980°C, within superalloys with a high Mo or W content. 
In this case, in fact, M stands for Mo or W[21J. As with the M23C6 carbides, M6C precipitates 
in a blocky fornl on grain boundaries and rarely on intTagranular location sites[I,18] 
It has been observed that in the complete absence of carbides from gram boundaries, 
vacancies will coalesce during the high-temperature deformation and sliding of the 
boundaries will be more enhanced[26] On the other hand, continuous M2)C6 on grain 
boundaries and intragranular M6C are both detrimental for the superalloy ductility and rupture 
life because of conti nuous fracture paths that can [orm[1J . The optimum situation is having 
carbide precipitates discontinuously distributed on grain boundaries, so that cracking wi ll be 
minimised but ductility will not be compromised[26J. 
2.3.2.4 Topologically Close Packed (TCP) Phases 
These are wldesirab le phases that can evolve within the superalloy microstructure in which 
the composition has not been adequately controlled. They are intermeta llic compounds that 
consist of transition elements and form during heat treatments and also in service[I,2J . TCP 
precipitates are characterised by layers of atoms that are more closely spaced than in normal 
geometrically close packed structures[2J. TCP particles tend to have a plate-like shape and 
usually nucleate on the carbides located on grain boundaries. Three fanlilies of TCP phases 
can be distinguished, referred to as (J, f.L and Laves. However, because (J and f.L are the most 
commonly encountered in i-based superalloys[1 ,2J, attention will be here focussed only on 
these two types. 
In its most common form, (J is a Fe-Cr based compound, the composition of which is 
(Cr46Fe'4P ] However, within a Ni-based superalloy microstructure (J is often encountered 
with another composition such as (Cr,Mo ).(Ni,Co )Y' where x and y can vary from I to 7 but 
most often are approximately equal[1] The (J phase is structurally related to that M23C6 
carbides and has a significant lattice coherency with them. This explains the reason why very 
often (J nucleates on M23Cl ,2J. In many cases (J has a highly detrimental effect on the 
superalloy mechanical properties[1) . This is due to its high hardness and plate-like/needle 
morphology, which make it a powerful source of crack initiation and propagation, hence 
fai lurefi ,26) . Nevertheless, the worst effect is that concerning the loss of high temperature 
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rupture strength that the material undergoes when cr is present. This effect is usually 
accompanied by a loss in ductility. However, it has also been observed that a large amount of 
globular intragranular cr particles could improve the creep resistance of superalloysll.21] 
As previously mentioned, cr can nucleate on carbide particles, but layers of cr phase have also 
been found as a substrate under coatings of superalloysl1.l8J . The fomlation of this phase, for 
instance, involves the removal of refractory strengthening elements from the matrix . 
Furthermore, high temperature rupture fracture can appear along the cr plates, leading to a 
decrease in the material's rupture lifeP1. Cr is the element that mainly promotes the formation 
of cr plates l1 ] Therefore, its anlount has to be accurately balanced in the superalloy design 
composition. 
The I-l phase has a structure very similar to that of tbe M6C type of carbide. The general 
formu la of the I-l phase is (Co,Fe, iMMo,W,Cr)612J. This TCP phase seems to have a 
deleterious effect on the mechanical properties of superalloys because of its tendency to form 
embrittling intergranular precipitates. It has been observed, though, that the weakening effects 
brought about by its presence within the superalloy are not as severe as those caused by the cr 
phase. Moreover, in single crystal superalloys the disruptive action of I-l particles is not as 
signi ficant compared to polycrystalline superalloysI2.J2J. The most active TCP-promoting 
elements are Mo, Wand Re. The formation of >L particles within the dendrite cores is 
favoured by the segregation of WIJ2] However, I-l phases mainly precipitate towards dendrite 
cores during ageing heat treatments carried out at approximately IIOO°CI2J . 
The action of TCP phases on superalloy mechanical properties can be sunlmarised as 
followsP!: 
• brittle cr platelets that form on grain boundary carbides represent a potential site of 
initiation and propagation of fracture; 
• TCP phases also have a compositional weakening effect. This is due to the large amount 
of refractory elements that are contained in them, and are therefore subtracted from the 
superalloy matrix. The consequence is a lower solid solution strengthening effect overall, 
as well as a change in the y-y' lattice mismatch; 
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• <r causes a division of the superalloy grams into finer sections, wi th a consequent 
reduction in creep strength . 
2.3.3 Prediction of Phase Composition 
One of the pioneer methods used to predict the occurrence of unwanted phases, such as TCP 
phases, in i-based superalloys is the PHACOMP method[l). This method is based on the 
application of sol id-state electron theory to alloy science and utilises a computer-driven 
compositional analysis approachJl ,2] In order to use this program, it is necessary to know the 
composition of the superalloy matrix, from which it is assumed that TCP phases precipitate. 
Three important assumptions are made in applying the PHACOMP calculation method. These 
are as followsJl L 
• all the phases expected II1 the matrix have precipitated and the superalloy is in quasi-
equilibrium condition; 
• the TCP phases precipitate from the matrix; 
• the electron vacancy number v is a linear function of the matrix composition. 
First of all, the composition of all the second phases in the superalloy is determined, followed 
by the estimation of the amounts of various elements consumed in these phases. Finally, the 
composition of the residual matrix is calculated by subtracting the second phases from the 
entire superalloy chemical composition. From a knowledge of the austenitic matrix 
composition, it is possible to work out the electron vacancy number v of the matrix[ll. At th is 
stage the value found for Nv is accurately evaluated in order to gain an indication of the TCP 
phases that are most likely to evolve. 
In particular, it is assumed that if Nv ~ 2.45-2.50, the superalloy is prone to the fOlmation of 
TCP phases. Whereas, if Nv < 2.45-2.50, the superalloy is assumed as to be safe from the TCP 
phases precipitationrq As more complicated fomls of superalloys have been developed, the 
PHACOMP calculations have been revised and specific PHACOMP numbers have been 
established for each superalloy. However, the PHACOMP method has been gradua ll y 
superseded by the development of more accurate and critica lly assessed thermodynamic 
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databases for Ni-based superalloys, which are currentl y used coupled to computer software 
packages for the prediction of phase composition. These are di scussed in greater detail in 
chapter 3. 
2.3.4 Segregatioll ami its Effects 011 Microstrllcture 
The non-uniform composition produced by non-equilibrium solidifi cation (i. e. dendtrit ic 
solidification) is generally referred to as segregation[33] The difference in chemical 
composition between the cores and the surfaces of the dendri tes occurs because the solute is 
rejected into the liquid as the so lid growS[2] The cores of the dendrites, that are the first solid 
to form, will be ri ch in the higher melting point elements present in the superalloy, whereas 
the interdendritic areas, which are the last liquid to so lidify, wi ll be richer in the lower melting 
point elements of the system[33] 
The ex tent to which segregation occurs mostl y depends on the solute elements concerned. For 
instance, the majority of elements present within si ngle crystal superalloys tend to segregate 
to the liquid, except for Ni and W. The cooling rate, however, plays an important role with 
respect to the amplitude of the phenomenon. Indeed, segregation becomes more severe when 
solidification is very rapid. This happens because during fast cooling less time is allowed for 
di ffusional exchange of solute elements at the liquid/solid interface[2.331. 
In single crystal superalloys, sufficiently slow cooli ng rates are used. Hence there is enough 
time fo r the redistribution of the solute via diffusion process from the liquid into the solid. As 
a result of this, segregation in these superalloys is less pronounced than in other classes of 
superalloys and the dendriti c structures are usually less enhanced[21. Moreover, a slow cooling 
rate helps in avo iding or minimising the formation of secondary phases, other than y', in the 
interdendritic regions. The main effect of segregation on the superalloy microstructure is that 
of inducing vari ation of the y' solvus temperature over a range of about 20-40°C[2] This can 
jeopardise the effectiveness of a so lution heat treatment process, as further discussed in 
section 2.4. It has also been observed that the size of precipitates which evolve upon cooling 
can change as they move from the dendrite core to the dendri te edges[21 . 
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2.4 Heat Treatments 
Ni-based superalloys are usually subjected to up to four different types of heat treatments, 
which are[1,18L 
• homogenisation, needed to achieve a unifornl composition throughout the superalloy, to 
minimise the effects of segregation; 
• so lution heat treatment, carried out to dissolve the y' particles and then promote their re-
precipitation on a much finer and homogeneous scale; 
• coating heat treatment, which is needed to promote the bonding between the coating and 
the superalloy substrate; 
• ageing, carried out to induce the precipitation of optimum-sized y' partic les and other 
beneficial phases at the grain boundaries sites, such as carbides. 
2.4,1 H olllogell isalio ll 
Due to segregation, which usually occurs during solidification, the supera lloy is characteri sed 
by a non-uniform precipitate distribution. Upon solidification, secondary phases can also 
evolve within interdendritic spaces, and potentially exert a weakening action on the 
superalloy mechanical properties[2,3 .1 8] In order to achieve microstructural unifomlity and 
eliminate brittle non-equilibrium phases, it is necessary to carry out a homogenising heat 
tTeatment on the superalloy. 
Homogenisation is mainly aimed at obtaining an isotropic and uniform material , in tenns of 
chemical compos ition and properties . The required time for this heat treatment could be 
significantly long, up to 50 hours and more[2] This mainly depends on the degree of 
segregation within the material, on the amount of slowly diffus ing elements present (i.e. Ta, 
Mo, W), and also on how coarse the structure to be treated initially is[2] Segregation in a cast 
material, however, calmot be complete ly eliminated by the bulk diffusion which occurs during 
homogenisation. Grain boundary migration, on the other hand, positively contributes to the 
homogenising process, allowing for a more uni form superalloy chemistryIll. It should also be 
noted that an homogenising heat treatment which follows a deformation could give ri se to a 
significant degree of grain mobility, which a lso helps in achieving a better microstructural 
uniformi tyll] 
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The temperature range within which homogenisation is carried out is limited at the high end 
by the incipient melting temperature of the superalloy, and also by the temperature 
fluctuations that are li kely to occur inside the fumace!l l. On cooling [Tom the homogenisation 
temperature, carbides along with other less desirable phases may precipitate at grain 
boundaries. When necessary, cooling is operated at fairly low rates to allow the precipitation 
and the agglomeration of secondary phaseslll . 
2.4.2 Solutioll Heat Treatment 
The main purpose of a solution heat treatment is to refme the y' particle size, so as to achieve 
an optimum superalloy microstructure which enhances the mechanical properties of the 
systemll,2] After carrying out a homogenisation treatment, the y' precipitates in their as-cast 
morphology (i.e. coarse cuboids or eutectics) should be dissolved by taking them into 
so lution!l ,21 . In order to do this, the superalloy has to be heated to a temperature within the so-
called "solution treatment window". The solvus temperature at the low end and the superalloy 
incipient melting temperature at the high end namely define such an interval!l,21. To promote 
the precipitation of relatively fine and uniform y' particles within the whole microstructure, 
the superalloy has to be cooled down to below the y' solvus temperature!l] 
To ensure that the solution heat treatment is carried out within a single phase field , the 
temperature has to be carefully controlled so that it is high enough to allow for the solutioning 
of coarse interdendritic particles, but adequately low to avoid any incipient melting 
phenomenon. The latter, for instance, would be very detrimental for the superalloy 
mechanical properties, also due to the change in vo lume and consequent microporosity that 
may occur after re-solidificationI2,181. 
The degree of difficulty of the whole heat treatment process depends almost entirely on the 
difference between the y' solvus and the superalloy incipient melting temperature. If the y' 
so lvus temperature exceeds the incipient melting point, as it happens in PW A-1480 and 
CMSX-6, achieving a complete solutioning is basically impossiblel21. However, a ltering the 
superalloy chemical composition can widen the "solution treatment window" . Indeed, the 
more homogeneous the superalloy composi tion the higher the incipient melting temperature 
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is, hence the closer to the solidus temperature!I,2,181. This, in turn, makes the window wider, 
and it is more likely to achieve a complete so lutioning of the alloy. 
After having taken the y' particles into so lution, their subsequent precipitation should occur on 
a fine and unifoml scale. [fthe superalloy composition has been sufficiently homogenised, the 
y' solvus temperature wi ll be more or less the same throughout the whole system. Therefore, 
the re-precipitation of y' particles on a finer scale should initiate approximately at the same 
temperature throughout the superalloyP l, and both the coarsening and the growth of these 
precipitates should occur uniformly. The mechanical properties of a superalloy mainly depend 
on the size of y' precipitates resulting from the so lution heat treatment. This can be controlled 
by careful choosing the cooling rate from the solvus temperature to that temperature below 
which the y' particles will not coarsen in intervals of time too short, (usually corresponding to 
I090°C for a standard solution heat treatment)(1] 
As previously anticipated, a so lution heat treatment does not only affect the y' phase, but also 
other phases present within the superalloy. MC carbides, for example, can go into solution, 
whereas the M23C6 are not allowed enough time to precipitate upon cooling. Furthermore, the 
greater homogeneity and uniformity which characterises the superalloy microstructure after a 
so lution heat treatment makes the evolution of undesirable phases, such as TCP ones, more 
difficult!l ] 
In conventional ly cast superalloys a solution heat treatment results in less ductility, as well as 
creep rupture life and strength(1, IS1. This can be explained by considering that by means of this 
heat treatment the grains get stronger, hence any defomlation at grain boundary sites becomes 
more difficult. This, in turn, hinders the possibility to accommodate any changes in shape that 
can occur during deformation of the polycrystalline system(1] Consequently, cracks at grain 
boundaries can initiate more easi ly, leading to a decrease in creep strength and life. In 
directionally so lidified superalloys, however, the effects produced by a solution heat 
treatment are much more favourable with respect to mechanical properties. This is due to the 
ability that these superalloys have to allow strains across grain bowldaries to be easily 
transferred without ri sk ofcrack initiation!I ,IS1. 
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2.4.3 Coatillg Heat Treatmellt 
In the presence of a coating, most superalloys are subject to a coating heat treatment. This is 
carried out to promote the bonding of the coating to the substrate materi a l. The temperatures 
that this is normally carried out at are 980-1 120°C, for a period of time up to 8 hours[l] Both 
temperature and time have to be carefully chosen, in order to avo id an excessive growth of the 
y' phase within the parent, since this cou ld be detrimental to the mechanical properties of the 
superalloy. It has been reported that carbides can also prec ipitate during a coating heat 
treatment, the type being either M23C6 or M6C, depending on the superalloy compositionl18J . 
2.4.4 Ageillg 
This heat treatment is carried out to promote the precipitation of carbide phases, such as 
M13C6 at grain boundaries, so that the res istance of the system against grain boundary sliding 
is improvedll .1J . Usually, M13C6 carbides foml by the dissolution of higher carbides, such as 
MC. This phenomenon is further enhanced in the absence of Ta and Hf that normally act as 
MC stabil isers[19J . Very fine y' particles also precipitate during ageing, leading to a bimodal 
size distribution. At this stage the microstructure of the superalloy is likely to contain medium 
sized sub-micron y' partic les, along with nanometre ones di spersed within the matrix [l] As 
already mentioned, the latter phenomenon could be detrimental to the superalloys mechan ical 
properties, hence after a first step ageing heat treatment another one is carried out in order to 
take these hyperfine y' particles back into solution and allow fo r their re-precipitation with a 
slightly larger size. At the end of these two steps of ageing heat treatment the fina l and 
desirable y' precipitate di stribution should be made of cuboidal particles with a size of 0.35-
0.6 flm[l] For a commercial CMSX4 grade, a typical ageing heat treatment consists of a first 
step at I080°C for 4 hours, followed by a second step at 870°C for 16 hours[lJ . 
2.5 Micr ostructura l Changes Resulting from High Temperature Exposure 
Due to the intrinsica lly dynamic nature of superalloy systems, changes are li kely to occur 
within their microstructure as a result of the high temperature exposure during service. The 
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shape, morphology and type of the various precipitates present within the system are affected 
by such changes. The main mechanisms which operate at high temperature within a 
superalloy system and induce a change in its microstructure are discussed in the fo llowing 
paragraphs. 
2.5.1 Coarsellillg 
Coarsening, also known as npenmg, refers to the mechanism by which an increase in the 
average particle size occurs after the precipitation is ended, i.e. after the particle vo lume 
fraction has reached its thermodynamic equilibrium value[2] Particle coarsening is the result 
of an exchange of solute atoms between the precipitates and the matrix . This exchange 
usually occurs within the matrix , although for a solute atom the shortest way in terms of 
diffusion paths would be crossing through a precipitate or along a dislocation!2] As a 
consequence of coarsening, the larger precipitates will tend to grow and the smaller ones to 
di ssolve, giving ri se to a decrease in the actua l numbers of precipitates within the system!34] 
However, the partic le volume fraction will remain unchanged[2,34] This phenomenon, also 
known as Ostwald ripening, is due to statistical thermal fluctuations and chemical potential 
gradients at the particle surface!2,34] 
It has been shown that when volume diffusion-controlled coarsening takes place, the average 
particle size ro is related to the time t by the following equation[35L 
r 3 = (a C eD ) t ( 8V 2 J o 9 RT [2.2l 
where V = molar vo lume of the precipitate; 
(Y = energy per unit area of the interface between the matrix and precipitate; 
Ce = solubility in the matrix; 
T = temperature; 
R = gas constant; 
D = diffusion coefficient. 
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Experimental results suggest that that the previous equation can be successfu lly app lied to 
describe the coarsening of y' and y" precipitates in a fcc matrix[J5] However, it has to be 
pointed out that the kinetics of coarsening is characterised by two different stages. The first 
one, during which precipitates effectively grow in size, can be described by the above 
equation. The activation energy of this stage is high, hence the whole mechanism of growth is 
sensitive to temperature[2J. The second stage instead is characterised by a decrease in the 
coarsening rate, which is thought to be due to the onset of oriented growth of precipitates. 
This has been observed in most single crystal grades[2] 
In order to control the excessive grain size growth caused by coarsening, it is necessary to 
have some knowledge of the grain coarsening temperature, GeT, of the material. The GCT is 
defined as the transition temperature beyond which grain growth occurs very quickly, within 
practical times[J61 . The value of GCT changes depending on the material , and the parameters 
that mainly influence its variation are the ratio of the second phase particle size and the 
volume fraction. It has been experimentally observed that in high y' vo lume fraction cast 
alloys, the GCT is controlled by the presence ofy/y' eutectic pools[J61. 
Coarsening occurs in the absence of an externally applied stress and its main driving force is 
the minimisation of interfacial energy between particles[2] As can be seen from equation 2.2, 
reducing the interfacial energy, so lubility and diffusion coefficient can lower the rate at which 
particles coarsen. A decrease in the interfacial energy can be achieved by reducing the matrix-
precipitate misfit, hence increasing its coherency[2,J5] The solubility, on the other hand, could 
be lowered by increasing the stability of the precipitate, through the addition of suitable 
alloying elements. Indeed, high melting point elements generally have low di ffusion 
coefficients. It can therefore be assumed that coarsening rate can be minimised by a minimum 
mismatch and by the use of high melting solutes that are ab le to stabilise the precipi tates[J5J. 
The important role played by local internal stresses existing at the panicle interface should 
also be taken into account when studying the coarsening phenomenon. These stresses are due 
to di fferences in lattice parameters between the di fferent phases in contact. A stress field in 
fact operates at the y/y' interface because of the lattice misfit between these phases, even if 
thi s is significantly small due to their elevated coherence[1,2J . In the case of a coherent 
interface, such as the y/y', stresses operate over distances of several atomic pianes[2] If these 
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internal stresses become too high, a loss of coherence between y and y' particles will occur 
and a network of interface dislocations will form[2,29] As a consequence of this, particles will 
coarsen so as to minimise the interfacial energy associated with the internal stresses and with 
the dislocations[2]. The stresses are attenuated by means of diffusion of elements between the 
two phases (i .e. y and y'). This gives rise to a decrease of the interface misfit and in the 
creation of a smal l chemical gradient between the phases involved[2] Obviollsly, the time 
required to reach the equilibrium depends on the diffusivity of the elements concerned with 
the process[2]. 
Figure 2.5 illustrates a typical sequence which characterises another mechanism that leads to a 
change in the morphology ofy' precipitates during high-temperature exposure. Short chains or 
blocks can indeed form as a result of the coalescence of y' cuboids. Such grouped precipitates 
can orientate in a specific direction, depending on the degree of internal anisotropy of the 
system. For instance, the anisotropy may be caused by chemical gradients arising from 
segregation. The effects of this phenomenon can be completely eliminated by subj ecting the 
material to a homogenising heat treatment for at least 50 hours[2]. 
Figure 2.5 Change in gamma prime morphology after high-temperature exposurr/11 
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2.5.2 Raftillg 
Coarsening that occurs during high temperature exposure and under an externally applied 
stress is usually referred to as "rafting,,[2.29] More precisely, rafting is the result of an 
anisotropic coarsening effect, by which y' plates develop along planes which are norn1a1 or 
parallel to the axis of the applied tensile stress[29] The specific direction of orientation 
depends on whether the stress is tensile or compressive, and also on the sign and value of the 
y-y' lattice misfit[2]. These elongated y' precipitates which form during rafting are very 
effective in hindering the motion of dislocations, hence enhancing the superalloy creep 
resistance[2,29] . 
Rafting is strongly influenced by the lattice parameter misfit, which in fact is not easy to 
calculate. Assuming that the composition of the phases does not change with temperature, this 
parameter can be detennined by using equation 2. I. However, it is known that the chemical 
composition varies with temperature, therefore a distinction should be made between a 
theoretical lattice misfit parameter, referred to as 0, and the "in-situ" constrained misfit, 
conventionally labelled as oP]. The latter parameter incorporates factors such as the materials 
thermal history, as well as the phase morphology and chemical composition. Oc can be 
determined by measuring the separation between dislocations at room temperature, after the 
material has been quenched. It is believed, in fact, that these dis locations are related to the 
lattice misfit at high temperature[2] It has been observed that rafting is enhanced as the lattice 
misfit becomes negative137J. Tills also contributes to an increase in the superaJloys' creep 
strength[29,J7] . 
The degree of rafting is not usually uniform throughout a particular component. Indeed, it 
depends on the gradients of both temperature and stress, which in turn are functions of time[2] 
In the case of turbine blades, coarsening as well as rafting are partjcularly enhanced in the 
upper part of the blade. Rafted y' precipitates wi ll have a plate-like morphology and wi ll be 
oriented perpendicularly to the blade axis, since it is along that ax is that centrifugal stresses 
operate[2] . 
Metallurgists have been attempting to elaborate models to predict and explain the mechanism 
of y' rafting and coarsening[2] By considering different energy criteria, some models 
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anticipate that even in the absence of an app lied stress y' are initially spherical, then as they 
grow transform into cubes, afterward into rods aligned in the <00 1> direction (i.e. the natural 
dendritic growth direction), and finally into plates[2] The most important assumption that has 
been made to develop such models is that when a system is subjected to an external stress, 
transformations will occur so as to minimise the intemal energy associated with the y/y' 
interface[2] 
2.5.3 Carbide Trallsformatiolls Durillg High Temperature Exposure 
MC carbides, which fonn during so lidification, tend to dissolve at high temperature, giving 
rise to the formation of lower carbides, such as M2Jc l,2J. However, previous studies have 
shown that some elements, such as Ta, can contribute significantl y to enhance the 
thermodynamic stability of MC carbides, hence retarding their dissolution. Furthermore, it has 
also been reported that Hf and Mo can act in a similar way to Ta[29J. 
During high temperature exposure, the major carbide reaction that occurs within the 
superalloy is as follows[I,18,19L 
The M6C carbide can form by means ofa similar reaction(i,18L 
MC + Y --+ M6C + y' [2.4] 
The y' precipitates which evolves as a results of this phase transformation is expected to have 
a beneficial effect on the superalloy properties, since it forms on the carbides and on the grain 
boundaries, as a ductile and creep resistant layer[ !J. Furthermore, the M2JC6 and M6C particles 
can react fonning one from the other[!J. It has also been reported that hi gh temperature 
exposure can lead to coarsening of grain boundary carbides. This phenomenon could lead to a 
weakening of the grain boundaries and, if sufficiently extended, could give rise to 
intergranular cracking[!J. 
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2.6 Main Mechan isms of Failure for 'i-based Superalloys in Service 
2.6.1 Creep 
Creep represents the main fai lure mechanism for Ni-based superalloys used in industrial gas 
turbines[17.30J. It generally consists of the plastic deformation which occurs in a material 
subjected to a constant stress at high temperatures, although the app lied stress is less than the 
nominal yield strength[33.38J. It is widely accepted that creep deformation begins by generation 
and glide of dislocations in the matrix channels[39] At high temperatures, dislocations can 
then enhance the plastic deformation within the material in two different ways, as predicted 
by various models elaborated so far to describe creep mechanisms. lndeed, dislocations can 
overcome the precipitates, mainly y' particles, by means of slip or climb, or cut through 
them(38J . 
lnvestigations carried out on CMSX4 grades have shown that the dominant mechanism is that 
by which dislocations either slip or c limb in order to overcome the obstacles[391 During 
climbing of dislocations, atoms tend to move either to or from the dislocation line, by means 
of diffusion-controlled processes. As a consequence of this, dislocations start to slip hence 
inducing further deformation in the material , even at a lower applied stress[33J. Generally 
speaking, any creep mechanism can be divided in three di fferent stages, schematically shown 
on figure 2.6. They are as follows[33L 
• primary creep: at this stage, the majority of dislocations climb away from obstacles and 
give rise to deformation; the strain rate is fairly high; 
• secondary creep: this stage is also named as "steady state". Due to strain hardening that 
starts to occur, the strain rate is at its lowest point and the rate at which dislocations 
escape obstacles is balanced by the rate at which dislocations encounter imperfections and 
are blocked by them; 
• tertiary creep: due to the start of necking, the stress increases inducing a rapid deformation 
in the material, which finally leads to its complete failure. 
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Figure 2.6 Typical creep curwp 31 
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In i-based superalloys, creep nonnally occurs above the recrystalli sation temperature of the 
allol ,lO]. The mechanism that govems creep in superalloys is characteri sed by the nucleation 
and the growth of cavities mainly located at grain boundary si tes, and ori ented perpendicular 
to the load ax isl l,lO] . The nucleation stage is very sensitive to the interfac ial energy, whereas 
growth is a diffusion-controlled process by which vacancies di ffuse along grain boundaries 
towards other boundari es perpendicular to the stress axis[i ,18] 
It has been observed that large precipitates are more effecti ve than small ones in loweri ng the 
defonnation rate during primary creep, fo r a given vo lume frac tion[l] Thi s is due to the fact 
that di slocations are less capable to penetrate larger particles. Hence, the opt i mum resistance 
to primary creep can be achieved if a distribution of closely spaced large y' precipitates is 
attained within the superalJoy microstructure[i] . During steady state creep, instead, high stress 
and/or high temperatures enhance the creep rate, i.e. the rate at which defonnation occurs 
during steady state creep, and reduce the rupture time, i.e. the time to failure[lll . 
The combined effects of applied stress and temperature are described by an Arrheni us 
relationship, as fo llowsll.llL 
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where R = gas constant; 
T = absolute temperature; 
Creep rale = Cd' exp(-Q/ RT) [2.4} 
I, = Kd" exp(Q/RT) [2.5} 
C, K, n and m are constants for the material; 
Qc = activation energy for creep related to self-diffusion above melting point; 
Q, = activation energy for rupture. 
The creep rate can be lowered by means of solute additions, so that the modulus is raised and 
the diffusivity is loweredlll . In austenitic superalloys, W, Mo and Co fulfil this purpose, hence 
positively contributing to the material creep resistance. Furthermore, the creep strength of the 
superalloy increases with the solubility of Mo in the y matrix(l] Furthermore, the presence of 
secondary phases particles, such as y' and carbides, causes the apparent activation energy for 
steady-state creep to be greater than the activation energy for creep of the pure matrix[ll. For 
instance, it has been found that the activation energy for steady-state creep of MAR-M200 
and some other superalloys grades is approximately twice as much as that of the unalloyed I, 
and also much greater than that of other solid-solution nickel-based superalloys(l I. 
Creep behaviour of superalloys is significantly affected by a number of microstTuctural 
parameters, the most crucial certainly are the y' volume fraction, the y' morphology and the 
y/y' lattice mismatch[I,361 Investigations performed on a range of i-based superalloys showed 
that the creep life increases approximately linearly with the y' volume fraction at temperatures 
between 70SoC and 980°C[IJ. Further examinations carried out on columnar-grained 
MAR-M200 have in fact confimled that there is a marked increase in creep rupture life with 
increasing the volume fraction of fine y,[ll. However, these results might not be valid for long-
term service applications, since fine y' particles are not expected to be stable for prolonged 
exposure at 980°C or above[1J. 
The y/y' lattice mismatch plays a more important role with respect to the superalloy creep 
strength. Studies carried out on single crystal grades have shown that the higher creep rupture 
life is associated with those alloys in which the y' lattice parameter is lower than that of the y 
matrix . Hence, a better creep strength is achieved for alloys with a negative lattice misfit1l ,37 1. 
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This can be explained by considering that as the misfit becomes negative, "rafting" of y' 
begins to occur and, as mentioned before, rafted y' plates are very effective at hindering the 
motion of dislocations!37] Careful tailoring of the lattice mi sfi t can increase the creep rupture 
life, but an excessive increase could be detrimental, due to the instability of y' phase that 
might resu lt!!] It should also be noted that a degradation of the superalloy creep strength can 
arise from y' coarsening or other fonns of phase instabilities, such as y' di ssolution and 
evolution of undesirable phases. Therefore, creep strengthening by means of increased lattice 
misfit is effective only for short times and low temperatures of exposure[\!. 
In order to achieve the best creep strength, the morphology of y' precipitates should be such 
that particle size is fairly small. However, fme y' can lead to a loss in ducti lity and in some 
cases also to a decrease in the notch rupture strength ll ] The optimum combination of strength 
and ductility is usually obtained through a distribution of y' precipitates with a size of 
approximately 0. 1-0.5 f,lm ll ,18J• Some superalloys are characteri sed by a bimodal or even 
trimodal y' size di stribution, ranging from fine and hyperfine particles to coarse ones. 
For good creep strength, however, not only the interior of the grain has to be strengthened, but 
also the grain boundary. Carbides are the major grain boundary strengtheners, although they 
usually act also as cavity fonners during creep[\,18] Hence, their morphology and di stribution 
have to be carefully controlled, so that the best compromise between strengthening the 
boundaries and introduc ing fracture sites is achieved. A regular arrangement of small (0 .1-0.3 
f,lm) stable carb ides at grain boundary sites usually represents the most desi rab le carbide 
distribution for good creep resistance[\) . Furtheml0re, another important microstructural 
variable which can influence creep strength significant ly is the grain size. It has been 
observed that the creep rupture life of an advanced superalloy can be markedly increased by 
increasing the grain aspect ratio, since the number of cavitation si tes is minimised on 
transverse grain boundari es[\) . 
2.6.2 Fatigue 
Fatigue is regarded as the predominant failure mechan ism operating in Ni-based superalloys 
fo r aero-engine applications, due to the high frequency of start ups and shut downs 
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experienced by the gas turbine engine, compared to its industrial counterpart[1 ,JO] . Generally 
speaking, pure fatigue damage occurs in any material as a result of time-independent inelastic 
deformation[18,38]. However, with respect to superalloys that are operated at hi gh temperatures 
and in aggressive environments, fatigue damage is usually caused by the synergistic effect of 
creep and environmental agents, along with cyclic deformation. Fatigue life is divided into 
two distinct stages, referred to as crack initiation and crack propagation, which are described 
by different kinetic laws. It is generally very difficult from the experimental results to exactly 
separate the information related to each of the two stages, since even fatigue tests on smooth 
specimens measure some portion of the crack propagation stage. 
The Manson-Coffin relation is used to describe the kinetics of the crack initiation stage. This 
relation links up the inelasti c strain and the number of cycles to failure, as follows[I ,38] : 
6£i" = aN~ [2.6] 
where Llei" = the inelastic strain range; 
Nf= number of cycles to fail ure; 
a is a constant that increases with ductility and b is another constant that for most alloys is 
usually equal to _0.6[1] . 
It has been observed that within the regime in wruch the total strain is mainly elastic, the life 
ofsuperalloys increases with tensile strength[1 ]. In the regime where the major contribution to 
the total strain is inelastic, instead, the superalloy life increases with tensi le ductilityP ]. 
However, these are only to be regarded as rough indications, since fatigue behaviour in any 
material does not exactly reflect tensile behaviour fo r several reasons. For instance, the latter 
is much less sensitive to the presence of defects than the former. The fina l choice of a 
material is always made on the basis of the strain regime in which the component is to be 
operated, for the reasons previously mentioned. In fact, for applications where large inelastic 
strai ns are involved, lower strength solid-solution strengthened superalloys are usually 
preferred[1 ] 
On the basis of the Coffin-Manson relation, compansons have been made between 
experimental and predicted fatigue lives ofy'-strengthened superalloys, such as Rene'-80. It 
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has been found that fatigue life increases with temperature, as a consequence of the significant 
change in the material ductility and also as a result of an oxidation crack blunting process[l] 
Experimental results have also shown that material defects, pores and inclusions become 
more crucial in advanced high-strength superalloys operated at high stresses and characterised 
by an insufficient crack growth resistance. Furthemlore, there is some evidence which 
suggests that crack initiation at defect points can be retarded by means of overageing, 
although a decrease in strength might follow such a heat treatrnent[l8] 
At low temperatures, where creep and environmental damages are less signi ficant than fatigue 
damages, resistance to crack initiation is improved by fine grain size[l ,J8] The morphology of 
grai n boundaries, in turn, has little effect compared to the grain size on the fatigue behaviour, 
because cracking is mostly intragranular rather than intergranular. At high temperatures, 
however, fatigue life becomes affected also by the time per cycle, other than just by the 
number of cycles[l] Air can also have an effect on crack initiation, since at low temperatures 
cracks can originate at oxidised grain boundaries. 
With respect to high-strength superalloys, the linear elastic crack growth regime is the most 
relevant because these materials carmot withstand large cycle plasticitYl] Cyclic crack 
growth rates can be related to the crack length, as well as the app lied load and the geometry of 
the component by means of the linear elastic intensity factor Ll.K. However, thi s can only be 
done if the plastic zone ahead of the crack is small compared to the size of the whole body 
and to the length of the crack[l] The cyclic crack growth rate varies according to the Paris-
Erdogan equation, as follows[!,J8L 
da = CxLl.K " 
dN 
[2.7l 
where C and 11 are constants, whereas da/dN represents the crack growth rate. At low 
temperatures, creep and environmental effects can be neglected, therefore crack growth 
depends only on the number of cycles and not on the time per cycle[!] Furthermore, at room 
temperature a signi ficant difference has been found in the values of da/dN among different 
alloys and for a given &C. This is thought to be due to an effect of the elastic modulus. 
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For most alloys and at any temperature range, the cycli c crack growth behaviour is mainly 
affected by microstructure. In nickel-based superalloys, due to their planar slip character, 
cracking preferentially occurs along slip bands[q This phenomenon is more enhanced at low 
temperatures, high strain rates and low values of &C. It has been observed that the extent of 
the plastically deformed region ahead of the crack increases with &C. In order to improve the 
superalloy resistance to cyclic crack growth the grain size should be increased. Large grain 
sizes have been found to slow down both the trans-granular crack growth at low temperature 
and the inter-granular crack growth at high temperaturell ). On the other hand, the presence of 
large grains leads to an increase in the size of the plastic zone ahead of the crack as well as 
&C. 
Cyclic crack growth behaviour is also affected by the size of y' precipitates at low 
temperatures and for trans-granular crack growth types. Under all other conditions, grain 
boundary morphology and composition are believed to be more important with respect to the 
material response to applied cyclic stresses. It has also been observed that overageing causes 
the cycl ic yield stress to decrease and in the case of trans-granular crack growth, this leads to 
a greater cyclic crack growth ratefl ,191. It is believed that for a given yield strength, 
underageing is generally better than overageing. 
At high temperatures, cyclic crack growth rates increase, and appear to be more dependent on 
the time per cyclefl ]. In fact, as the temperature increases, the elastic modulus of the material 
decreases, the deformation is no longer planar, environmental attacks become more likely, 
and in turn creep gradually commences. At high frequencies, cracking appears to be mainly 
trans-granular and the crack growth rate does not depend on the frequency. With decreasing 
frequency, instead, cracking becomes inter-granular. The extent of the two cracking modes 
strictly depends on the superalloy grade. 
2.7 Protective Coatings for Ni-based Superalloys 
The protection of hot gas path components, such as turbine blades, against high temperature 
oxidation and corrosion, or a loss of mechanical properties caused by the thermally activated 
diffusion of deleterious species into the substrate, is provided by coatings. Both diffusion-type 
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and overlay coati ngs are currently used fo r aircraft and industri al gas turbine components. 
Ceramic-based thermal barrier coatings (TBC) have also been increasingly used as extemal 
protective layers on top of metallic coatings for their superior high temperature insulating 
properti es, especially on aero-engine blades[l8,19J. 
In addition to extending the component li fe, when applied on a superalloy substrate that is to 
be used at very high temperatures, coatings are able to hinder the direct interactions of the 
substrate with the surrounding envi ronment. They a ll develop their protecti ve action from the 
interaction/reaction with the oxygen present in the environment. As a resu lt of thi s, dense and 
adherent oxide scales, mainly consisting of Al and Cr-ri ch ox ides, form on the outer surface 
of the coatings[l ,40,4 \] The presence of such ox ides slows down any further 
oxidati ve/corrosive attack on the coatings, and helps minimise the di ffus ion into the parent 
material of harmfu l species, such as 0 and N. In most commercial coatings, the 
microstructure is characterised by y-Ni, ~- iAI which acts as an alum inium sink, and y'-
NiJAI. a -Cr, (J-CoCr and other intermetallics can also be present, depending on both the 
coating and the substrate chemical compositions[I ,42J. 
The durability of protective coatings is a crucial issue for industrial as well as aircraft gas 
turbines since coating life mainly controls the refurb ishment and/or replacement of many 
engine parts, such as blades and vanes. Coating effectiveness tends to decrease as a result of 
high temperature exposure and thermal cycling which cause Al depletion, reducing the abili ty 
of the coating to fo rm a continuous protective oxide layer. Al loss is mainly due to oxidation, 
spallation and coatinglsubstrate interdiffusion phenomena, which are all related to di ffusional 
transport of Al from the coating towards the coatingloxide interface and into the 
substrate[19,4J-45J. The latter are responsible fo r the alteration of the mechan ical properties of 
the coated component due to the fo rmation of new phases, often embrittling, within the so-
called interd iffusion affected zone (IDZ) across the substrate/coating interface[42,461 
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2.7.1 Diffusioll-type Coatillgs 
The most widely used diffusion coating processes are the so-called "diffusion-aluminide 
coatings", in which Al is diffused into a surface. Nowadays, pack cementation and chemical 
vapour deposition are the methods mainly utilised to apply diffusion coatings[l,ISJ . In pack 
cementation, the substrate is put together with the so-ca lled "pack", which consists of all the 
reactants that combine to form the vapour. The reactants are an AI-containing powder, a 
chemical activator and inert filler. Once heated, the reactants give rise to the forn1ation of a 
vapour that in turn enriches the surface of the substrate in the desired component, for example 
AI. In di ffusion-coated nickel-based superalloys the intermetallic phases that usually form at 
the surface of the substrate are Ni3AI, NiAI and NizAIl S] 
With the chemical vapour deposition method, a vapour of specific composition is reacted with 
the substrate. One of the main advantages that this method offers over pack cementation is 
that it is possible to coat components with a very complicated shape and geometry, such as 
serpentine internal cooling passages or fi lm-cooled airfo il s, because it is a non-line of sight 
process. Furthermore, the thermodynamics of such coating process is very flexible, since the 
forn1ation of vapour occurs separately from the vapour-substrate reaction[I ,lsJ. 
Diffusion aluminide coatings protect the substTate by providi ng an Ah03 layer. These 
coatings can be of two different types, either "inward" or "outward, depending on the Al 
thern10dynan1ic acti vity within the system in question[l ,ISJ . The " inward" type originates when 
the Al activity is very high compared to that of the i, hence AI tends to diffuse inward (i.e. 
towards the parent material) much faster than Ni does outward through the layer of 
intermetallic phase that has previously formed on the substrate surface. The "outward" type of 
coating is produced when the Al activity is much lower than that of Ni, which in fact can 
easily diffuse outwards, i.e. towards the coating surface[I ,lsJ . The chemistry and 
microstructure of the interdiffusion zone are altered according to the chemistry of the 
substrate and of the coating. The way the interdi ffusion zone changes can be predicted using 
phase diagrams, diffusion data and mathematical modelling[47,4S] Figure 2.7 shows the typical 
microstructure ofan aluminide diffusion-coating on a i-based superalloy substrate. 
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Figure 2. 7 The typical microstructure of an aluminide-diffusion coating. • 
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It is believed that the mechanical properties of aluminide coatings, such as ductility and 
resistance to thermal fatigue, cannot be significant ly improved any further at this stage, due to 
the inherent lack of low-temperature ductility which characterises the NiAI intemletallic 
compound, which is the matrix of all such coatings[l8J. Currently, aluminide coatings continue 
to frnd application on airfoils of today's gas turbines. They provide only limited protection in 
gas turbine applications which involve very high surface temperature, such as 1000-1 100°C, 
or severe hot corrosion[I ,18,49] 
Indeed, in high-temperature applications, such as aircraft engmes, the performance of 
aluminide diffusion coatings is limited by oxidation behaviour. As already mentioned, the 
oxidation of aluminide coatings occurs as a resu lt of a reaction between oxygen and Al 
present at the coating surface. AI20 3 forms as a continuous protective scale, and due to 
thermal cyc li ng it eventually spalls and cracks. Al consequently starts to diffuse from the 
coating to the surface, so that a new layer of al umina scale is reformed. However, Al also 
diffuses towards the base substrate, causing a depletion of the ~-NiAI phase, which then 
transforms into y' Ni3AI and eventually into y Ni-solid solution. Once the Al level falls below 
4-5 wt.%, it is no longer sufficient to enable the formation of A120 3, and oxidation of the 
coated superalloy begins to occur more rapidlyli ] 
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The incipient melting temperature of aluminide coatings is a very important factor when they 
are used for high-temperature applications. This temperature is strictly related to the nature of 
the interdiffusion zone. Although the melting point of iAI is about 1590°C and that of the 
substrate of most superalloys is generally greater than 1260°C, incipient melting in the 
interdi ffusion zone of most aluminide-coated superalloys occurs at temperatures around 
1120oCII I. 
Aluminide diffusion coatings have also been used in applications where the major 
requirement was resistance to hot corrosion, but the performance was not fully satisfactory. A 
significant improvement was obtained by adding Pt to the base aluminide coating. The 
mechanism by which Pt enhances the hot corrosion resistance of such diffusion coatings is 
still the subject of studies. Tt is believed that Pt hinders the loss of Al from the coating as well 
as the inward diffusion of oxygen from the external environment through the coatingl30J. 
2.7.2 Overlay Coatillgs 
An overlay coating is a predetermined material that is applied onto the superalloy substrate by 
several methods. In contrast to di ffusion coatings, any of the methods used for overlay 
coatings do not require interdiffusion to take place in order to produce the desired coating 
structure and composition. However, interdiffusion occurs to a limited extent and ensures the 
bonding between the substrate and the coating[lJ. Figure 2.8 shows the typical microstructures 
of a MCrAIY coating on a Ni-based superalloy substrate. 
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Figure 2.8 The typical microstructure of an overlay coatingJ01 
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Overlay coatings, as with diffusion coatings, provide an AbO) scale that protects the 
substrate. However, the AI-oxide scale that forms from overlay coatings performs better than 
that which evolves from diffusion coatings. This can be explained by considering that in 
overlay coatings the presence of Cr enhances the AI activity, and also that the presence of Y 
in some coatings improves their resistance against spallationl l ,)O,5o.5)] 
The methods that are currently used to apply overlay coatings are physical vapour deposition 
(PVD) and plasma spraying. By definition, PVD is the mechanism by which a metallic 
material is deposited by transport of vapour in a vacuum without any chemical reaction taking 
place. Electron beam evaporation process is today the method most commonly used to coat 
turbine airfoi l components with MCrAIY coatings. A vapour cloud is obtained by focussing 
an electron beam on an ingot of appropriate composition. Then, the component to be coated is 
immersed into the vapour cloud and adequately manipulated to allow the vapour to uniformly 
deposit as condensed, onto the padI8,19J• Specific post-coating heat treatments are used to 
ensure good bonding between the coating and the substrate. Although interdiffusion occurs to 
a small extent during coating and post-coating heat treatments, the structure and composition 
of MCrAIY coatings remains essentially the sanle through the thickness. 
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Plasma spraying is a method that invo lves the injection of the coating material in the form of 
powder of predetermined composi tion. The materi al is injected in a high temperature plasma 
stream, by means of a gun in which the powder particles are melted and accelerated. The low-
pressure process is preferred, since it helps minimise the formation of oxide defects due to the 
high reactivity of elements present on the MCrAIY coating. A post-coating heat treatment is 
also carried out in order to guarantee the perfect bonding of the coating to the substrate. 
Further finishing operations can also be perfonned to reduce the roughness of the coated 
surface[18, 191. It should be noted that compared to diffusion coating processes, the plasma 
spraying method just described to app ly overlay coatings presents the disadvantage of not 
being suitable for complex-shaped components. Indeed, it is not possible by means of this 
coating process to coat the internal cooling passages of turbine airfoils. 
MCrAIY coatings are the overlay coatings most commonly used on Ni-based superalloy 
components, and can be distinguished in the three following main groupS[53L 
• NiCrAIY, usually used on turbine vanes and blades against high temperature oxidation 
and hot corrosion at temperatures higher than 900°C; 
• CoCrAIY, generally used at intermediate temperatures, I. e. 700-900°C, on marme gas 
turbines against corrosion; 
• FeCrAIY, usually used for lower temperature app lications, i.e. <700°C. 
Y is added because it signi ficant ly improves the adhesion and the mechanical integrity of the 
protecti ve scale onto the substrate[I,2 ,53,54] The mechanisms by which Y effectively exerts its 
action are still being investigated and under a great deal of debate. It was proposed that the 
enhanced adherence of the scale to the coati ng might arise from the presence of oxidised Y 
"pegs" within the scale[501. Luthra et al have observed that Hf, in addition to Y, has a 
beneficial effect on the adherence of the oxide. These two elements are thought to retard 
sulphur segregation to the metal surface through the formation of Y and Hf sulphides in the 
matrix[541. 
Studies conducted by Czech et aP I ,52] on coated IN738 showed that Re addi tion could yield 
great benefits to the oxidation as well as corrosion resistance of MCrAlY coatings. This was 
thought to be due to the influence that Re has on the diffusional behaviour of other elements 
(mainly AI) towards the surface. It was observed that the oxidation rate of a Re-containing 
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MCrAIY coating was lower than that of a "tradi tional" (Re-free) MCrAIY coating. 
Furthennore, the depletion of the ~ i-AI layer took longer. A sign ificant improvement in 
thennal-mechanical fatigue was also clearly visible, maybe arising from the development of 
phases rich in Cr and Re that were deposited below the oxidation layer[siJ. 
The microstructure of MCrAIY coatings depends on thei r chemical composition. In a 
iCrAlY coating it is possible to identify four di fferent phases, i.e. y, y' , Cl. Cr and ~ Ni-AI 
which acts as AI reservoir, hence enabling the fonnation of the AI-oxide scale. The 
distribution of these fo ur phases is affected by the thennal cycle and it has been reported that 
a reaction between the phases could take place at l OOO°C as fo llowS[19L 
y + ~ +-t Cl. + y' [2.8} 
The previous reaction also takes place in aluminide diffusion coatings, but it occurs to a 
smaller extent in Pt-modified aluminide coatings[551. 
At high temperatures iCrAIY coatings start undergoing deterioration in two different ways. 
One is the result of the attack from the corrosive environment on the outer side of the coating 
which leads to a dep letion of the AI-rich phase in the vicinity of the oxide-coating interface 
due to outwards diffusion of AI. The other deterioration process instead occurs at the coating-
substrate interface and is closely related to interdiffusion mechanisms that in turn depend on 
the nature of the di ffusing species and of the couple coatinglsubstrate, which detennine the 
concentration gradients. However, it is generally believed that the life of a MCrAIY coating is 
mainly affected by the dep letion of the ~ phase layer caused by the diffusion of Al and Cr 
towards the substrate[18,41 ,49, 53,56] 
In tenns of oxidation behaviour, overlay coatings ox idise by means of the same mechanism as 
that described for diffusion coatings. However, overlay coatings, especially the MCrAIY 
types, have been proven to be more effective against high-temperature oxidation compared to 
their diffusion counterparts. The most successful MCrAIY coatings in high-temperature 
applications are iCoCrAIY coatings, in which Co is added to the basic NiCrAIY 
composition in order to improve coating ductilityP 8,491. 
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As for aluminide diffusion coatings, the performance of overlay coatings is strongly affected 
by the substrate composition. Overlay coatings, and in particular MCrAIY coatings, have a 
higher incipient melting temperature, in the region of approximately 1280°C, than diffusion 
coatings, and this is a big advantage for high-temperature applications. Furthermore, melting 
in the interdiffusion zone takes place at temperatures that are comparable to those related to 
the melting of the bulk overlay composition[l) . 
Compared to diffusion coatings, overlay coatings are characterised by lower strengths at high 
temperatures, which gives rise to thermal fatigue cracking in app lications with severe cycling 
operating conditions. The addition of Si, Hf and Ta has been investigated in NiCoCrAIY 
coatings in order to improve their oxidation resistance, although this occurs at the expense of 
ducti lity. The chemistry of overlay coatings is now being modified to limit interdiffusion 
between the coating and the substrate and also to raise the high-temperature strength for a 
better thermal fatigue resistance[lJ. 
With respect to hot corrosion, overlay coatings are generally superior to diffusion coatings. 
The MCrAlY coatings, cobalt-based with high Cr-AI ratios, achieve the best performance in 
hot-corrosion environments. However, as the Cr-AI ratio is increased, the resistance of the 
coating to oxidation lowers. When subject to hot-corrosion damages, the degradation of 
MCrAIY coatings 1S also enhanced by the formation of sulphides and oxides within the 
coatings[1 ,1 8] 
2.7.3 Thermal Barrier Coatillgs 
This class of coatings is only discussed very generally here, in that it is not very relevant to 
the subject of this research. A more detailed description of such coating materials can be 
found elsewhere[l ,2,18,57-59J . Thermal barrier coatings (TBC) are multilayer coating systems 
made of an insulating ceramic outer layer, referred to as the top coat, and by a metallic inner 
layer, named bond coat, which is situated between the top coat and the metal substrate[1,18] 
The bond coat can be either a diffusion-aluminide type coating or an overlay, such as 
MCrAIy[I ,18J. The top coat can either be deposited by plasma spraying, or by means of the 
electron beam physical vapour deposition (EBPVD) process. In the first case, the ceramic 
layer will be characterised by a porous equiaxed microstructure, whilst in the second case it 
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will have a columnar-type structure. The microstructure achievable by EBPVD offers a better 
performance over the plasma-sprayed counterpart, in that it guarantees a better strain and 
stress tolerance, which indeed is one of the most important properties which a TBC coated 
system has to have(l 8,58,59J. Figure 2.9 shows the typ ical microstructure of a thermal barrier 
coating on a Ni-based superalloy substrate. The TBC comprises ofa PtAI diffusion-aluminide 
coating, and is characterised by a columnar structure, achieved usua lly by means of the 
EBPVD process. 
Figure 2.9 Typical microstructure of a TBe coating on a Ni-based superalloy. • 
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The top coat provides an insulating layer to the metallic substrate, in order to prevent it from 
experi encing high surface temperatures that it migbt not be able to tolerate. Temperature 
gradients up to 100°C can occur throughout the whole coating, due to the thermal 
conductivity of the ceramic, the coating thickness and the heat flUX[18J. The most widely used 
ceramic material in TBC is z r02, owing to its low thermal conductivity and its sufficiently 
high themlal expansion coeffici ent. However, the drawback with Zr02 is represented by the 
volume change that accompanies the crystallographic structural changes that the oxide 
undergoes at about 11 70°C. Y 20 J is therefore added in order to stabilise the Zr0 2 top-coat, in 
amounts usually between 6 to 8 wt.%[l] The role of the metallic bond is to enhance the 
environmenta l resistance of the substrate and to minimise the damages ari sing from the 
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fomlation of oxides at the metal-ceramic interface. The infiltration of oxygen through the top 
coat in fact causes the ceramic layer to spall, and this phenomenon often occurs adjacent to 
the metallic bond[J 1. 
Failure of TBC coatings in service generally arises from the stresses which develop during 
cool ing after high-temperature exposure, more severe at the interface between the top and the 
bond coat. It is at that interface that an oxide layer usually develops, referred to as the 
"themlally grown oxide" (TGO), which also affects the durability of a TCB system due to its 
possible spallation which can occur during service as a consequence of thermal gradients 
caused by themlal cyclingI1 8,57J. Failure is also strictly related to the thermal expansion 
mismatch which exists between the ceramic layer and the metallic onel1 81. TBC are currently 
used in stationary components in industrial gas turbines, and in aero-engine blades. Their 
increased usage mainly depends on the possibility to improve their reliability and lower their 
manufacturing costs, which at present are significantly high, especially for EBPVD-type 
systems. 
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3. Experimental Methods 
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3. 1 Introduction 
This research programme initially focussed on the characterisation of a number of Ni-based 
superalloy base-materials, mainly single crystal grades, all non-thermally exposed. The 
effects of thermal exposure in air were subsequently investigated within a number of coated 
single clystal Ni-based superalloy substrates. For this purpose, the microstructural evol ution 
occurring as a function of temperature and time within these coated systems was studied, and 
this could indeed be regarded as the main part of the experimental programme. 
This chapter describes the materials investigated, together with the experimental techniques 
and the ana lytical methods used. All materia ls were main ly analysed by means of scanning 
electron microscopy (SEM), with energy dispersive X-ray (EDX) analysis used to determine 
the chemistry of various phases and precipitates. Furthermore, them10dynamic equilibrium 
calculations were carried out for all of the materials by means of two software packages, 
ThermoCalc[60] and MTDA TA[61,62], in conjunction with a critical ly-assessed thermodynamic 
database for Ni-based superalloys developed by Thermotech[60] 
3.2 Materials 
The base-materials investigated during this research programme were all supplied by lnnogy 
and were as follows : 
• 1N792: conventionally cast; 
• CMSX4: single crystal. This material wi ll be referred hereafter to as "standard" CMSX4; 
• CMSX4 B/C: single crystal, variant of the "standard" CMSX4, with a low carbon content; 
• CMSX4 B/C HC: single crystal, variant of the "standard" CMSX4, with an additional 
carbon content approximately twice as great as that of CMSX4 B/C; 
• DCT6: single crystal, with a similar chemical composition to that ofIN792. 
Table 3. 1 shows the chemical compositions of lN792 and the CMSX4 grades, as well as the 
nominal composition ofDCT6, all as supplied by Innogy. 
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Table 3.1 Compositions o/base-materials investigated in this research programme. 
Composition St. CMSX4 CMSX4 DCT6 IN792 NH 
(wt.%) CMSX4 B/C B/CHC 
Ni Balance Balance Balance Balance Balance 
Co 9.6 9.6 9.6 9 8.85 
Ta 6.6 6.5 6.5 5 4.16 
Cr 6.4 6.4 6.5 12 12.3 
W 6.4 6.4 6.4 3.9 4.26 
AI 5.64 5.64 5.62 3.55 3.23 
Re 2.9 2 .9 2.9 - -
Ti 1.03 1.01 1.07 4.1 4 
Mo 0.6 0.6 0.65 1.9 1.93 
Hf 0.10 0.19 0.19 - <0.03 
Nb 0.05 0.05 0.05 - 0.05 
Fe 0.030 0.024 0.037 - <0.1 
C 0.0024 0.0229 0.0395 0.07 0.084 
Si 0.01 0.01 0.02 - 0.1 
Zr - 0.0014 0.0029 - 0.027 
B - 0.0093 0.0082 - 0.013 
"Standard" CMSX4, its two variants, (i .e. CMSX4 B/C and CMSX4 BIC HC), and DCT6 
were all provided in the form of cylindrical bars, 13 mm in diameter and various lengths. The 
IN792 material was supplied in the foml of a rectangular plate (96 mm x 50 mm x 7 mm). 
Each of these sampl es had already undergone a certain number of typical pre-service heat 
treatments, as reported in table 3.2. All additional details regarding the pre-service heat 
treatments received by each of these samples are given in tables 3.3 , 3.4, 3.5 and 3.6. 
Table 3.2 Pre-service heat treatments received by the various samples. 
Material Sample Stress Homogenisation HIP Solution Stage 1 Stage 2 
10* Relief Heat Ageing Ageing 
Treatment 
SI. CMSX4 - ../ ../ ../ 
Bar 548 ../ ../ 
CMSX4 BIC Bar 606 ../ ../ ../ 
Bar 6 12 ../ ../ ../ ../ 
Bar 600 ../ ../ 
CMSX4 BIC Bar 575 ../ ../ ../ 
HC Bar 563 ../ ../ ../ ../ 
DCT6 Bar 512 ../ ../ 
IN792 - ../ ../ ../ ../ 
. , 
*If other tllan material s name; ·*Hot !sostatlc Press ing 
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Table 3.3 Details ofpre-service heat treatment received by "stal1dard" CMSX4. 
Heat Treatment Stage Deta ils 
I 277°C for 120 min 
heat to I 288°C - hold for 180 min 
heat to I 296°C - ho ld for 180 min 
heat to I 304°C - ho ld for 180 min 
Solution Heat Treatment heat to 1313°C - ho ld fo r 120 min 
heat to 13l6°C - hold for 120 min 
heat to I3 I 8°C - hold for 120 min 
heat to 132 1 °C - hold for 120 min 
rapid gas fan quench 
Stage I Ageing I 140°C for 120 min - air cool 
Stage 2 Ageing 870°C for 1200 min - air cool 
Table 3.4 Details of pre-service heat treatmen.t received by CMSX4 variants. 
Heat T reatment Stage Details 
Stress Relief in Air 1218°C for 120 min - air cool to room temperature 
954°C for 90 min 
heat to 1051°C in 20 min - hold for 120 min 
heat to 1201 °C in 30 min 
Solution Heat Treatment 
heat to 130 I °C in 250 min - hold for 510 min 
gas fan cool to below 1082°C 
Stage I Ageing I 140°C for 120 min - argon fan quench 
Stage 2 Ageing 871 °C for 1200 min - argon fan quench 
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Table 3. 5 Details 0/ pre-service heat treatment received by DCT6. 
Heat Treatment Stage Details 
Solution Heat Treatment 
complex series of stages involving temperatures 
between 538°C and I 264°C 
Stage 1 Ageing 1080°C for 240 min - cool in air 
Table 3.6 Details 0/ pre-service heat treatment received by fN792. 
Heat Treatment Stage Details 
Homogenisation 11 21 °C for 120 min 
Hot Isostatic Pressing 11 80°C for 240 min - slow cool 
Solution Heat Treatment I 120°C for 120 min - gas fan quenched 
Stage I Ageing 845°C for 960 min - gas fan quenched 
The coating materi al investigated in this study was a MCrAIY overlay-type coating, denoted 
as AMDRY997, the nominal composition of which is given in table 3.7. 
Table 3. 7 Nominal compositioll 0/ AMDRY997. 
Element Wt.% 
Ni Balance 
Co 23.0 
Cr 20.0 
AI 8.5 
Ta 4.0 
y 0.6 
This coating was app lied to the CMSX4 ("standard" as well as C-containing variants) and the 
DCT6 base-materials, via low-pressure ai r plasma spraying (LP-APS). The surfaces to be 
coated were first given a very light grit blast for cleaning purposes, then shot peened with 
A120 3. Each coated sample was subsequently subjected to the post-coating heat treatments 
reported in table 3.8. All the coated samples investigated in this study were suppli ed by 
Innogy in the fom1 of bars, with identical dimensions as their uncoated counterparts described 
previously. 
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Table 3.8 Details o/post-coating heat treatments received by AMDRY997-coated systems. 
Heat Treatment Stage Deta ils 
Diffusion Heat 
I 140°C for 4 h - air cool 
Treatment 
Ageing 870°C for 20 h - air cool 
3.3 Heat Treatment Test Programme 
The aim of the heat treatment test programme carried out as part of th is research work was to 
characterise the effects of thermal exposure in ai r on a number of coated systems. An 
appropriate heat treatment programme was therefore devised in order to subject samples to 
thermal exposure at varying time and temperature conditions. 
Coated DCT6 and CMSX4 materials ("standard" as well as C-containing variants B/C and 
B/C HC) were thermally exposed in sti ll air at temperatures ranging from 850 to 1050°C, for 
up to 10,000 h exposure times. Temperatures, in particular, were selected in an attempt to 
simulate the service condition experienced by industrial-type turbine blades. The choice of 
temperatures was also made to account for the results of thermodynamic equilibrium 
calculations performed on the materials of interest. 
Details of the heat treatment programme carried out on the CMSX4 coated grades and the 
DCT6 coated materials are provided in tables 3.9 and 3. 10 respectively. Throughout thi s 
study, a speci fic nomenclature system has been adopted for all of the samples. Each sample 
has been identified by means of a letter which corresponds to a specific temperature, and a 
number which is associated with a specific length of time, as illustrated in tables 3.9 and 3. 10. 
It should be noted that only those samples corresponding to red-coloured ticked boxes were 
analysed during thi s research programme. 
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Table 3.9 Details 01 heat treatment programme carried out on AMDRY997-DCT6 system. * 
Time/ 200 h 500 h 1000 h 2000 h 5000 h 10,000 h 20,000 h 
Temp. (1) (2) (3) (4) (5) (6) (7) 
850°C 
./ ./ ./ ./ ./ ./ ./ (A) 
900°C 
./ ./ ./ ./ ./ (B) 
950°C 
./ ./ ./ ./ ./ ./ ./ (C) 
1000°C 
./ ./ ./ ./ ./ (D) 
1050°C 
./ ./ ./ ./ ./ ./ ./ (E~ 
*./ sample characterised In thiS srudy 
.! sample only subjected to thermal exposure, not characterised in this study 
Table 3.10 Details 01 heat treatment programme carried out 0 11 AMDRY997-CMSX4 
systems. * 
Time/ 200 h 500 h 1000 h 2000 h 5000 h 10,000 h 20,000 h 
Temp. (1 ) (2) (3) (4) (5) (6) (7) 
850°C 
./ ,/ ./ ./ (A) 
900°C 
./ ./ ./ ./ ./ ./ ./ (B) 
950°C 
./ ./ ./ ,/ ./ ./ ./ (C) 
1000°C 
./ ./ ./ ./ ./ ./ ./ (D) 
1050°C 
./ ./ ./ ./ (E) 
* ./ sample charactensed In thlS study 
./ sample only subjected to lhemlal exposure, not characterised in this study 
3.4 Metallographic Preparation of Samples 
All specimens were fi rst cut out of the original bulk materi als and then metallographically 
prepared to enable microstructural features of interest to be revealed. The cuts on IN792 were 
carried out using a Struers Accutom-5 circular saw, equipped with a Struers 356 blade. This 
blade is made of a bakelite-Al20 3 compound, recommended for metals with a Vickers 
hardness between 350-800 RV. On all of the single crystal materials the cuts were perfo rmed 
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using an electro-discharge machining unit instead of a saw. The reason for th.is was to avoid 
recrystalli sation that could take place in the single crystal materials as a consequence of 
signi ficant mechanical stresses induced by the saw. 
The CMSX4 and DCT6 specimens were mainly obtained by cutting the original bars through 
a hori zontal/transversal plane. However, some of the CMSX4 samples analysed were 
obtained by cutting the bars along a vel1ical/longitudinal plane. These planes are shown in 
figure 3. 1 and named respecti ve ly as XY (horizontal/transverse one, co loured red in figure 
3. 1), and XZIYZ (vertical/longitudinal ones, co loured yellow in figure 3. 1). It should be noted 
that none of the vertical planes illustrated refers to any specific crystallographic orientations 
in relation to the directions of growth of gamma prime precipitates. However, they are all 
mutually parallel to the [00 1] direction, as subsequently discussed. 
Figure 3.1 Schematic illustration a/planes along which cuts were performed on bar-shaped 
samples. 
z 
y 
IN792 specimens were obtained from the original rectangular plate-shaped sample by means 
of cuts perfoll11ed through two different planes, a hori zontal/transversal one tel1ned XY 
(coloured red in figure 3.2) and a random vertica l one perpendicular to XY (coloured yellow 
in figure 3.2). For the vertical plane illustrated in figure 3.2 the same comments as for figure 
3. 1 app ly. 
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Figure 3.2 Schematic illustration of planes along which Cllts were performed on the plate-
shaped sample. 
Z 
/ ,. 
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Y 
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After being mounted in conductive Bakelite, all specimens were metallographically prepared. 
Mechanical grinding was first carried out on each sample by hand, using water-cooled silicon 
carbide paper. The grit-size sequence was 240, 320, 400 and 600, 1200 and 2400 grit. Pre-
polishing was then performed on a si lk napped cloth with 6 ~m diamond particles, followed 
by final poli shing on a short nap synthetic cloth with I ~m diamond particles. 
3.5 Etching Techniques 
Several investigations were carried out on a specimen of "standard" CMSX4 in order to: 
• assess the performance, and study the effects of various etchants and etching teclmiques 
on the superalloy microstructure; 
• identify the preferred crystallographic direction of growth for the y' precipitates. This in 
turn would allow for the exact determination of the orientation of the bar-shaped samples, 
ifrequired. 
For this purpose, five different etchants were used. Two of them were electrolytic etchants, 
based on citric acid and phosphoric acid solutions respectively. The other three were 
delineating etch ants, commercially known as Kalling's reagent, Marble's reagent and 
Glyceregia. The sample of "standard" CMSX4 used was cut out of a bar of the same as cast 
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material along the hori zontal plane XY of the bar, as illustrated in figure 3.1. Metallographic 
preparation was performed as described in section 3.4. 
3.5.1 Backgroull d 
Since i-based superalloys cover a wide range of chemical compositions and microstructural 
constituents, several etch ants and etching techniques have been used so far for the 
metallographic preparation of these materials. Regardless of their chemical composition, 
etch ants are usually classified depending on the technique used to apply them or/and on the 
basis of the effect they have on the superalloy microstructure. There are three major types of 
etchants[21 L 
• delineating etchants, which are usually acid-based and very widely used. They provide 
contrast and are able to reveal general structure; 
• staining or film-forming etchants, which mostly consist of alkaline aqueous solutions. 
They enable the fomlation of films of reaction products on the surface of the etched 
specimen; 
• solutions for electro lytic etching, of which the most commonly used are acid ic ones and 
work as electrochemical baths. The specimen to be etched is usually set to be the anode 
and stainless steel is often used as the cathode. The electric current circulating in the cell 
causes the oxidation at the anode surface, i.e. at the surface of the specimen. 
In the present work, attention was focussed on five different etchants, of which the chemical 
compositions are given in tab le 3.11 below. 
Table 3.11 Chemical composition of etchanlS. 
Etchant C hemical Composition 
Marble's Reagent 109 CUS04, 50ml HC1, 50ml H2O 
Kal ling's Reagent 1.5g CuCh, I OOml ethanol, I OOml HCI 
Glyceregia I Oml HN03, 20-30ml HCI, 30ml glycero l 
Solution I l % citric acid and l % ammonium sulphate in H2O 
Solution 2 10% ortophosphoric acid in H2O 
• ,,1"1 Source. 
**Source: National Power 
···Source: Rolls Royce 
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Previous experimental studies have shown that Marble's reagent and Kall ing's reagent are 
both effective at attacking y' while leaving the y phase stand ing in reli ef. Glyceregia, on the 
other hand, along with both the electro lytic etchants, should be expected to promote the 
di ssolution of the y phase, whilst leaving y' particles in reli et12 I,301. 
3.5.2 Delineating Etcltants: Experimental Procedure and Results 
3.5.2. J Marble 's Reagent 
Etching with Marb le's reagent was perfo rmed by simply immersing the surface of the sample 
in the etchant and hold ing it fo r 30-40 seconds at a time. After etching was complete, the 
surface of the sample looked generally stained and no dendrites were visible to the naked eye, 
despite over etching. Figure 3.3 a) shows a highly dendri tic structure, with the dendri te arms 
parallel to the crystallographic di rections of growth of y' precipitates. 
The analysis perfo rmed on the etched sample by means of scanning electron microscope 
(SEM) confi rmed that, as stated in literature, Marble's reagent was ab le to di ssolve y' 
precipi tates and leave the y matrix stand ing in reli e f. In figure 3.3 b), the lighter areas 
represent the y matrix which surrounds cuboidal y' part icles. 
3.5.2.2 Kallillg 's Reagent 
The sur face of the sample was dipped in Kall ing' s reagent and then held for 3 minutes. The 
results obtained were very simi lar to those of Marble's reagent previously described, hence 
the same comments apply. 
3.5.2.3 Glyceregia 
The surface of the sample was dipped in Glyceregia fo r 60 seconds at a time, fo r fo ur 
consequent times. Typical dendri tic features were then clearly visible to the naked eye on the 
surface of the etched samples. The crystallographic directions of interest were hence eas ily 
identified and the ori entation of the bar could be detennined, if requ ired. 
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Figure 3.3 c) shows the whole sample surface, as it appeared in the stereo-microscope after 
the etching procedure was complete. The two directions drawn on the corner of figure 3.3 c) 
lie parallel to those of the dendrite arms and correspond to the two crystallographic directions 
of growth of the y' cuboids on any horizontal p lane of the bar. Therefore, these directions 
allow for the detennination of the exact bar orientation . 
The presence of several dendritic features on the same sample was also detected during the 
investigation carri ed out by means of optical microscopy, as shown in figure 3.3 d). The 
images obtained from the SEM analysis, of which a typical example is given in figure 3.3 e), 
showed that Glyceregia dissolved the y' phase (lighter areas), leaving y (darker areas) in relief. 
It should be noted that this finding appears not to be in agreement with what is stated in 
literature[2Q 
3.5.3 Solutiolls for Electrolytic Etchillg: Experimelltal Proce(/ure and Results 
3.5.3.1 Solutioll 1 
The surface of the sample was fully lmmersed in "solution I" and electric current was applied 
by means of a stain less steel needle. A potenti al of 5V was used for this purpose and the 
surface was then oxidised for 8 seconds at a time. The procedure was repeated a number of 
times until the dendritic features started to show up on the surface of the sample being etched. 
Figure 3.3 f), obtained uSing a stereo microscope, shows the w hole surface etched, as 
appeared to the naked eye. Simi lar to G lyceregia, also in thi s case it was possible to c learly 
identify on the surface of the sample etched the two crystallographic directions of interest, 
which would allow the detennination of the bar o rientation without need of any microscopy 
equipment. The light circular patches visible throughout the surface of the sample in question 
are thought to have been caused by the needle, as a consequence of surface corrosion which 
might have occurred to a limited extent after pro longed and repeated etching. 
Dendritic features were also seen on thj s one sample during optical microscopy analysis. As 
shown in fi gure 3.3 g), the results from SEM investigations were in agreement with what is 
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stated in literature, since they coniimled that this type of sol ution for electrolytic etching 
allows y' particles to stand in relief and dissolves the y phase. 
3.5.3.2 Solution. 2 
Solution 2, the chemical composition of which has been given in table 3. 11 , was based on 
phosphoric acid (H)P04) and used as an electrochemical bath for the electrolytic etching of 
the sample. A similar procedure to that previously described for solution I was followed. A 
vo ltage of 3V was used and electric current was applied for 5 seconds at a time on the surface 
of the sample to be etched. As for solution 1, also in this case the sample was repeatedly 
etched with solution 2 for a sufficient number of times so that the surface revealed the desired 
microstructural features. Indeed, thi s experimental procedure led to the immediate 
identification of the dendritic arms directions, hence allowing the detemlination of the bar 
orientation if required. 
Figures 3.3 h) and i) show the results of investigations carried out by means of optical and 
scanning electron microscopy respectively. They both show very similar features to those 
obtained with solution I, hence the same comments as those made in the previous section 
(3.5.3 .1) also app ly here. 
3.5.4 Summary 
Amongst all of the etchants investigated, both the solutions used for the electrolytic etch ing as 
we ll as one of the delineating etchants, i.e. Glyceregia, proved successfu l and powerful in 
revealing the desired microstructural features on the surface of the samples etched. Indeed, 
these etch ants allowed for an immediate identification of the directions of growth of 
dendrites, hence for the detetmination of the exact bar orientation if necessary. 
Kalling's reagent and Marble's reagent were both found to be suitable for metallographic 
preparation of the sample for subsequent microexamination performed by means of optical 
and scanning electron microscopy. Amongst all of the etchants investigated, only Glyceregia 
appears to induce some effects on the microstructure of the sample that were not in agreement 
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with what was stated in the literature. The analysis of the sample etched which was perfonned 
with SEM, showed that after using Glyceregia cuboidal y' particles had been disso lved, rather 
than standing in relief as would be expected. Further work would be required to clarify this 
discrepancy, but this was beyond the scope of this study. 
It was also observed that dendritic features were generally more clearly visible and 
distinguishable on all optical images of the sample etched with deli neating etchants, I.e. 
Marble's reagent, Kalling's reagent and Glyceregia, compared to the electrolytic etchants. As 
a resul t of the investigations discussed in this chapter, electrolytic etching with so lution 2 
(H3P04-based) was generally preferred throughout this study for the metallographic 
preparation of samples prior to microscopical examination. 
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Figllre 3.3 a) Optical alld b) SEM micrographs 01 standard CMSX4 etched with Marble's 
reagent; c) slereo-micrograph, d) optical alld e) SEM micrographs 01 standard CMSX4 
etched with Glyceregia; j) stereo-micrograph and g) SEM micrograph 01 standard CMSX4 
electrolytically etched with solution 1; h) stereo-micrograph and i) SEM micrograph 01 
standard CMSX4 electrolytically etched with solutioll 2. 
~ ~ 
c) d) 
61 
e} j) 
g} h} 
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3.6 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) is a technique that enables the resolution of features 
otherwise not observable by means of optical microscopy, thanks to a very wide range of 
magnifications (from x l 0 up to x l ,000,000)[63] The SEM works by means of electron beam 
irradiation, from whi ch various types of signals can be obtained. A vari ety of information is 
produced as a consequence ofthe interactions between the irradiating electrons and the atoms 
which constitute the surface of the specimen being examined. The type of information 
supplied depends on the specific electron-specimen interactions and on the ex tent and depth 
of the interaction vo lume[63), as shown in figure 3.1 2. After interacting with the irradiated 
electrons, electrons within the specimen may be ejected. 
The electrons ejected from the sample surface which carry little energy, i.e. a few electron 
vo lts, are known as "secondary electrons". These can only be detected relatively near the 
surface of the sampl e and are therefore very sensitive to topography. Electrons can al so be 
scattered back from the nucleus of atoms hi t by irradiating electrons. In thi s case, the 
backscattered electrons possess a much higher energy than the secondary electrons, since they 
come from a greater depth within the specimen. The strength of the signal resulting from the 
backscattered electrons closely depends on the mean atomic nwnber of the atoms hit by the 
beam. Indeed, the higher the atomic number the stronger the signal emitted and the brighter 
the regions in question appear[64J. 
Two imaging modes are usually available in a scanmng electron mIcroscope, I. e. the 
secondary electron imaging mode and the backscattered imaging mode. The secondary 
electron imaging mode provides a good resolution within the nanometre-range, good depth of 
fi e ld and allows fo r a topographical observation of the surface. The back scattered electron 
imaging mode yields a qualitati ve compositional analysis of the surface. 
During the fi rst part of this study, a Canlbridge Instruments Stereoscan 360 at 20 kV 
accelerating vo ltage was used. This was equipped with a back scatter detector, secondary 
electron mode, a Link AN IOOOO EDX and Wavelength D ispersive X-ray (WDX) fac ility. 
Subsequently, a Leo I 530VP field emission gun scanning electron microscope (FEGSEM) at 
20 kV accelerating vo ltage becanle available and was the preferred scanning electron 
microscope fo r the characteri sation of samples. This FEGSEM is capable of nanometre-scale 
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resolution due to the fie ld-emission gun. Furthermore, its ultra-thin electron window detector 
also allows for the detection of low atomic weight elements, such as C and 0 , otherwise not 
possible with the Cambridge 360 machine. The FEGSEM used in this study was also 
equipped wi th a variab le pressure facil ity and an EDAXlTSL Pegasus system which a llows 
for simultaneous electron backscatter diffraction and energy-dispersive x-ray analysis. In the 
following chapters, the label FEGSEM and SEM wi ll refer to results of microstructural 
investi gations obtained with the Leo 1530VP FEGSEM and the Cambridge SEM instruments 
respectively. 
Figure 3.12 Schematic iIIustratioll of the interactioll volumes for different electroll-specimell 
ill teraction/ 64} 
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3.7 Energy Dispersive X-ray (EDX) Analysis 
Energy dispersive X-ray (EDX) analysi s is used to investigate and identi fy particles and 
phases, by defining their chemical composition. The apparatus needed to perform EDX 
analysis is usuall y linked to a scarUling electron microscope. Each of the elements present 
within the specimen analysed is identified according to the energy possessed by the X-rays 
which it emitsf64 ] Furthermore, a quanti fication of each of the elements present is possible 
since the number of X-rays emitted is approx imately proportional to the concentration of that 
element in the specimen. 
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A few limitations, however, should be taken into account when performing EDX analysis, 
such as[30,64I: 
• the elements which can be detected are limited by the type of window of the detector 
used. Indeed, an ultra- thin electron window such as the one in the FEGSEM used in this 
study, allows fo r the detection of low atomic weight elements, such as C and 0 , but not 
for their exact quantification due to uncertainties in thei r mass absorption coeffi cients[64I; 
• the minimum size of parti cles which can be analysed is of approx imately 1 fLm , hence 
inaccuracies in the measurements might occur due to interaction vo lume-related issues; 
• there is possibility of overl ap of di fferent energy peaks. This may affect to a limited extent 
the quanti ncation of the relative elements. In thi s study, thi s problem mainly arose when 
analysing precipitates, such as MC for example, where elements such as W, Ta, Re and Hf 
were all present at the same time. The EDX elemental composition obtained in such cases 
should therefore be handled with some caution. 
3. 7.1 EDX Elemental Mapping 
MUlti po int EDX quantitati ve analysis was perfonned on various samples in order to obtain 
chemical composition profi les fo r the main alloyi ng elements across pre-defi ned di stances. 
The MUlti point Analysis software program was used fo r thi s purpose, in conj unction with the 
FEGSEM and the EDAX Imaging System which controlled the positioning of the microscope 
beam. 
A matrix location with mUltiple points, as shown in fi gure 3.13, was generally selected from 
an image which embraced the region of interest in the sample being investigated. The 
software was then ab le to automatically analyse each location sequentia lly, storing the 
measured spectra and the calculated concentration results to Excel spreadsheets. For all of the 
alloying elements selected, the concentration values measured at each of the locations 
analysed were then added up and averaged. The resulting value would hence be taken as the 
concentration for a given element corresponding to a specific point within the concentration-
distance profi le. 
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Figure 3.13 Typical matrix location for the acquisition of EDX mu/tipoint analysis. 
Qualitative EDX elemental maps were also acquired across the coatinglsubstrate regions of 
most coated systems investigated. Although these maps provided no quantitative information 
on the elemental concentrations, they gave a useful indication on the distribution of various 
elements and helped understanding their diffusional behaviour. The typical output of such 
these investigations consisted of coloured maps, each of them referring to a specific element. 
The greater the elemental concentration , the more intense the colour appeared on the map. 
3.8 Thermodynamic Calculations 
Problems in metallurgy often invo lve experimental investigations of the potential range of 
compositions and conditions for mUlticomponent systems. Phase diagrams have been used for 
a long time to pred ict the equilibrium structure of binary and higher order systems, but such 
calculations for multicomponent systems can be very time consuming and expensive. An 
alternati ve method, called CALPHAD (CALculation of PHAse Diagrams), which allows the 
prediction of phase equilibria in multicomponent systems, such as Ni-based superalloys. 
CALPHAD implies the use of the computer to combine phase diagrams and thermochemistry 
fo r a given system[65] 
The calculation of phase diagrams perfomled by the CALPHAD method relies on all 
availab le information, i.e. not only on the limited data which are available for the 
multicomponent system, but also on the much greater anlount of data related to its 
subsystems. The thermodynamic models used duri ng calculations are based on well-known 
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physical principles, hence, parameters fro m several pre-defined systems can be combined to 
predict thennodynamic equilibrium with a good degree of confidence, even for very complex 
systems. 
CALPHAD has become increasingly more widespread as a research too l, reducing the need 
fo r experimental investigations. The benefi ts of phase diagrams calculated using the 
CALPHAD method include cost and time savings, process prediction, assessment of materi als 
compatibili ty and a better control of processes. 
3.8.1 Th e Theory of Modelling MlIlticompollent Eqllilibria 
By definiti on, a given system is at thennodynamic equili brium when its total free energy with 
respect to the amount and composition of the phases present within it is at a minimum, at 
fi xed pressure in the case of Gibbs free energy, or fixed volume fo r the Helmholtz free 
energy. The CALPHAD approach invo lves the use of Gibbs free energy, which can be 
millimised once the Gibbs free energy tenn for each of the phases present has been expressed 
as a fu nction of temperature and composition. The total Gibbs free energy for the system in 
question is then given by the weighted sum of the Gibbs free energies of the individual 
phases. It is then poss ible to identi fy the phases present at thennodynamic equilibrium and 
thei r amounts through millimi sation of the total Gibbs energy of the system. 
3.8. J. J Pure Elements 
The Gibbs free energy of a pure element, i, in its standard state, °Gi'(T) , is conventionally 
referred to the enthalpy of the element in its stable state I/J at 298. 15K, i.e. 
o Ht (298. 15K )[66,67] The latter is al so known as the standard element reference (SER) and 
the Gibbs free energy, G - HsER, can therefore be defined as fo llows : 
[3.J) 
The tenn G - H SER can also be expressed as a function of temperature, T, by an equation such 
as the fo llowing: 
67 
G - HSER; = G +bT +cTln T +dT' + eT' + fT - I + gT' + hr9 [3.2] 
where G, ... , h are coefficients which can be calculated directly from measured values of heat 
capacity, entropy and enthalpy. Indeed, it is worth noting that the first and second differentials 
of G - HSER with respect to temperature are related to the abso lute entropy and heat capacity of 
the element i at the same temperature[66,671. 
The same type of expression as in equation 3.2 can also be related to the same element but in 
a solution in which it takes a structure rp , different from that of the pure stable element 
mentioned above. Indeed, the free energy of the element with the structure rp, i.e. °G,"'(T) -
°Hl (298.l5K) , can also be expressed as follows[681: 
°Gi~ (T) - °f-ll (298. l 5K) = °G,"'(T) - °Gi'(T) + G - HSER, [3.3] 
For elements that display magnetic ordering, such as Cr, Fe and Ni, an additional ternl, named 
Gmag"'i" must be added into equation 3.2. This term refers to the paramagnetic state of the 
material and is given by the fo llowi ng expression[68.69L 
[3.4] 
where R = wliversal gas constant; 
fJ = average magnetic moment per atom of the alloy, expressed in Bohr magnetons; 
,= T/~ , with ~ being the critical temperature for magnetic ordering. 
A detailed explanation of the function g( ,) can be found elsewhere(69) . 
3.8.1.2 BinGlY Compounds 
For a binary compound A. Bb' the Gibbs free energy of formation can be expressed as 
follows: 
GA B -G o H~ . (298.15K) - bo.H : .(298.15K) = /(T) 
• • 
[3.5] 
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where a and b are constants, but different from those which appear in equation 3.2, whereas 
the function I(T) is identical to that given in equation 3.i68,69J. Thus, applying equation 3. 1 
to each component present within the compound in question, the following expressions can be 
obtained: 
[3.6} 
[3. 7} 
where !l f . G;oBb is the Gibbs free energy of formation of the compound A. Bb at a given 
temperature, T, referred to the stable elements at that temperature. 
3. 8.1.3 Solid and Liquid Solutions 
The majority of metallurgical systems are characterised by the presence of components which 
exhibit so lubil ity. A solution phase is here referred to as a phase in which there is so lubili ty of 
more than one component. The Gibbs free energy of each so lution phase is defined as the sum 
of three distinct terms and can be expressed as[68J: 
[3.8} 
where G"f is a weighted sum of the free energy terms for each of the pure elements present, 
Gid is the sum of the contributions from the configurational entropy to the Gibbs energy of 
mixing, and GO< corresponds to the excess Gibbs free energy of mixing under non ideal 
condi tions. Indeed, it should be noted that for an ideal solution this last ternl is equal to 
zero[671 . In a more explicit fonn , equation 3.8 can be written as follows : 
G = " x. ·Go + R-T· " x. · In x. + !lGO< L...J " L...J , I [3.9} 
where Xi = mole fraction of component i; 
!lG'" = excess Gibbs free energy of mixing. 
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The thelmodynamic modelling of multi component systems is mainly concerned with deriving 
suitab le expressions for the excess Gibbs free energy. Two models are mainly used, i.e. the 
Redlich-Kister model and the sub-lattice model. The Redlich-Kister model [66.68J is app licable 
to dilute so lutions where the interactions between components are not significant, and takes 
the fonn of a polynomial with respect to composition. For example, the binary interactions for 
an m component system, to s tenns, can be expressed as follows: 
[3. IO} 
where X i and X j are the mole fractions of components i and) respectively, and Aij is a model 
parameter which can be temperature dependent[66.68J. The ternary and higher order interactions 
may be added to the previous equation, which retains a similar fonn [66.68[ . Phases modelled 
using the Redlich-Kister model include for example the fcc (AI_Ti)[68J. 
The sub-lattice model [67.68J is generally used for so lid solutions where there are large 
interactions between the components, or a certain degree of order within the various phases 
exists. This model is able to account for different phase types including interstitial and 
intennetall ic phases. A strucnlre can be defined using one or more sub-lattices with one or 
more types of atoms on each sub-lattice, hence stoichiometric, non-stoichiometric and 
substitutional phases can all be described. For a non-stoichiometric phase, for instance, 
several sub- lattices are used with different species (atoms, ions, or vacancies) coexisting 
within the same sub-lattice. Stoichiometric phases are also modelled by means of more than 
one sub- lattice, but within each of these only one type of species is present, as opposed to 
substitutional phases that can be described using a single sub-lattice only, which contains two 
or more species. 
3.8.1.4 Gaseous Species 
The Gibbs free energy of gaseous species[67.68J can be detennined by means of an expression 
identical to that given in equation 3.5 but with an additional tenn, RTln P, where P is the 
total pressure. In thi s case the reference state is that of the pure component at atmospheric 
pressure. It is also assumed that gaseous species foml ideal so lutions. 
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3.B.2 Predictioll of Phase Equilibria 
It is worth noting that when the Gibbs free energy of a system is at a minimum, the chemical 
potentials of its components should be equalised throughout the whole system. 
Thermodynamic equi li brium can therefore be determined either by minimising the Gibbs free 
energy of the system, or by equalising the chemical potentials of the components. 
A number of commercial software packages are now available which perform Gibbs free 
energy minimisation , hence enabling thermodynamic modelling and in particular the 
calculation of phase diagrams. Amongst the various packages avai lab le, the two most widely 
used at present are MTDATA t!60J and ThemloCalc~~[61 ,621. Both packages are capab le of 
manipulating thermodynamic data, allowing thermodynamic equilibrium to be computed in 
binary, ternary and higher order systems, relying upon the Gibbs free energy models for 
phases. It should be noted however, that none of the calculations perfonned with MTDATA 
and ThennoCalc in their basic mode of operation provide any infonnation on the kinetics of 
phase transformations taking place. As a consequence of this, transfomlations that are not 
kineticall y favoured but still thermodynamicall y possible could also be included in the 
resulting theml0dynamic equi librium predictions. 
The two software packages differ in the method used to carry out the Gibbs free energy 
minimisation. Indeed, MTDA TA operates by means of two different minimisation algorithms, 
using either or both to compute thermodynamic equi librium. The first algorithm, known as 
stage I, is a true Gibbs free energy minimisation of the total Gibbs free energy of the system. 
This method allows for a lower value of the Gibbs free energy to be obtained at each iteration 
and is also compatible with all models, hence app licable to all phases. Furthermore, it does 
not require an 'initial guess ' of the equilibrium point to be provided by the user, and it is 
inherently very reliable. Within MTDA TA, this method has a system mass limit of 10-6 
moles. 
+ MTDATA is developed and maintained by the Materia ls Thermochemistry Group at the National Physical 
Laboratory, Teddington, Middlesex, TWII OLW, U.K. 
" . Thermoe alc is developed and maintained by the Department of Materials Science and Engineering, The Royal 
Institute of Technology, Stockholm, S-I OO 44, Sweden 
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The second algorithm, known as stage 2, consists of the equali sation of the chemical 
potentials of the components between the various phases in which they appear to be present. 
This algorithm is characterised by shorter computational times and a greater absolute 
accuracy than stage 1, allowing for the speciation to be deternlined with a system mass limit 
of 10.8 moles. This method, however, cannot be app lied to all phase models. 
Unlike MTDATA, ThernloCalc uses only one method to perform Gibbs free energy 
minimisation, th is being the equali sation of chemical potentials of each component across all 
the phases. This results in less time consuming computations, but because an "initial guess" of 
the equilibrium point is necessary, convergence problems could arise leading to the prediction 
of local minima rather than global equilibrium[701 A brief description of the mam 
characteristics of each of these two software packages is given in the following sections. 
3.8.3 ThermodYllamic Modellillg Software: MTDA TA 
MTDA TA is capable of retrieving thennodynamic data from databases, compiling data sets 
for the elements of interest and assessing these data, calculating binary and ternary 
equilibrium phase diagrams as well as computing thennodynamic equilibrium for higher 
order mUlticomponentlmultiphase systems. Furthermore, with MTDATA it is also possible to 
link the minimisation algorithms to an external software or a user code[62] , for example in 
order to model non-equilibrium phenomena or account for the kinetics of a given process, in 
addition to its thermochemistry. 
A number of 'modules' can be used within MTDAT A, each of them servlllg different 
purposes, such as manipulation and retri eval of data, calculations, as well as plotting of 
binary, ternary and mUlticomponent phase diagrams[61l Amongst all such modules, the most 
relevant one to this study is the APPLICA nON interface. This consists of a series of 
FORTRAN functions and subroutines with a number of ' built-in' applications supplied with 
MTDAT A. This module is designed to allow the user to write their own software, specific to 
certain app lications which make use of the existing functionality ofMTDATA. 
The APPLICATION interface also allows MTDAT A to be linked to a thjrd party software if 
required, and this can be done in two different ways. MTDATA can either act as the 
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executing process hosting the user appl ication (MASTER or Level I mode), or it can be 
called upon by the user application which is itself part of another main program (SLAVE or 
Level 2 mode). As further di scussed in chapter 7, MT DA TA was used in order to perform 
thermodynamic equilibri um computations for the AMDRY997IDCT6 and 
AMDRY997/CMSX4 systems, as a potential SLAVE application to the ki netic model 
developed during thi s study. 
3.8.4 ThermodYllamic Modellillg Software: ThermoCaic 
ThermoCalc is a software package which, like MTDATA, perfonns calculations to detennine 
thermodynamic equilibrium conditions for pure substances as well as solution phases[60.7 Q 
Furthermore, as with MTDATA, ThermoCalc also consists of a number of mod ules, which 
include the calculation of thermodynamic equilibria, database sections, li sting data from 
databases and other various functions. 
As part of thi s study, a Windows interface for ThennoCalc, called Ettan (version M), was 
used to calculate phase equilibria for the a lloy systems investigated. The inputs which Ettan 
requires to perform calculations are the alloy composi tion and the temperature range wi thin 
which thermodynamic equilibrium conditions have to be detennined at constant pressure. 
3.8.5 Thermochem ical Databases 
The essential principle underl yi ng MTDATA and ThermoCalc, as well as all other software 
packages used for thermodynamic modelling, is that the mathemati cal models incorporated in 
the software allow thermodynamic equilibrium in mUlticomponent systems to be calculated 
on the basis of critically assessed thermodynamic data fo r simpler subsystems[62.66] It is 
therefore possible to explore equilibrium conditions using alloy compositions and temperature 
ranges fo r which no direct experimenta l data ex ist fo r a given system. 
Thermodynamic modelling is now widely used to predict the amount and chemical 
composition of phases occurring in commercial Ni-based superalloy systems as a function of 
temperature and composition, at a given pressure. However, in order to do this successfully, 
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accurate thennodynamic data for all the phases of interest are required. It should be noted that 
MTDAT A in particular also requires the specification of any theml0dynamic interaction 
between all elements in every phase, for which not all data are avai lable. In the absence of 
infomlation on a specific interaction, it is assumed to be ideal. The reliability of predictions is 
therefore dependent on the quality of data available to the user for the system under 
investigation, and thus some care is required during analysis and assessment of any result 
output by the software. 
The Ni-data database[60,721 was used for all calculations perfonned during this research, both 
with ThennoCalc and MTDATA. Results obtained using the Ni-data database have been 
extensively validated against experimental results reported in literature for Ni-based alloys . 
This database includes the following elements: Ni, AI , Co, Cr, Fe, Hf, Mo, Nb, Re, Ta, Ti, W, 
Zr, B, C and N. The phases included are: Liquid, y, y', Ni3Al , Ni3Nb, y", TJ , Ni4Mo, 8-NiMo, 
a(Cr,Mo,W), Laves_C l4, Laves_C l5, cr, 11, R-phase, P-phase, M(C,N), M 23(B,C)6, M6C, 
M7(B,C)J, M1N, M3B, M1B_orth, M1B_tetr, M3BZ, CrSB3 and TiBl. 
All the phases li sted above can be classified as present or absent by the user, although it is 
clear that the combination of phases which are input will affect the results of calculations. It 
should also be noted that the Ettan interface for ThennoCalc gives some limitations in terms 
of chemical composition ranges which can be input by the user specific to the themlOdynamic 
database, however it is possible that such limits can be exceeded and still obtain satisfactory 
results. 
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4. Characterisation of Alloy IN792 
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4.1 Introduction 
Thi s chapter summarises the outcome of a ll the investigations carried out on alloy IN792, the 
chemical composition of which is given in table 3. 1. This materi al was investigated because it 
could be regarded as the polycrystalline counterpart of single crystal DCT6, due to the great 
simi lari ties in their compositions. The experimental methods used inc luded thennodynamic 
equi librium calculations and scanning electron microscopy. First, the results of 
themlodynamic equi li brium calculations performed using ThennoCalc are di scussed. These 
are followed by the results of microstructural investi gation carried out by means of SEM and 
EDX ana lyses in order to characteri se the nature and chemical composition of the main 
phases encountered within the materi al. 
4.2 Thermodyna mic Equilibrium Calcula tions fo,· IN792 
Thermodynamic equi librium calcu lations were performed uSing the ThermoCalc so ftware 
package to get an indication of the proportions and chemical composition of the phases 
expected to be present within the alloy at thennodynamic equilibrium, as a function of 
temperatu re. In all calculations, no phases were excluded from the database li st and a 
temperature range of 600-1400°C was selected. The chemical composi tion input fo r all 
calculation was as stated in table 3. 1, wi th the exception of B and Zr which were not included. 
It is be lieved that thi s did not affect the results obtained since both these elements are not 
expected to contrib ute to the precipitation of any of the main phases within the alloy. 
The resul ts of these calculations, shown in fi gure 4.1, suggest that the phases expected to be 
present wi thin 1N792 at thennodynamic equ ilibrium and fo r the selected temperature range 
(600- 1440°C) are: liquid, y, y', MC, M23C6 and fl. Figure 4.1 a) shows that the first phase 
predicted to fo m1 upon solidification is y at 1343°C, (the equilibrium liquidus temperature), 
closely fo llowed by MC that also begins to precipi tate from the liquid. Within the selected 
interval of temperature, as temperature increases the wt.% of the y phase increases at the 
expense of that of the y'. This phenomenon is sign ifi cant ly more marked just above 950°C, i.e. 
at the temperature at which the two curves for y and y' respectively, intersect. Above thi s 
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temperature the abso lute va lues of the gradients of the two curves increase as the temperature 
rises. 
The wt.% ofy' appears to reach its maximum value of approximately 57 wt.% at 600°C when 
on the other hand y is at its minimum, i.e. 37.5 wt%. Furthermore, the y' solvus is predicted at 
I 163°C, whilst the so lidus is expected at 1303°C. Therefore, under thermodynamic 
equilibrium conditions the so lution treatment window for alloy IN792 is expected to be 
between 1163-1303°C, hence with a width of 140°C. 
Figure 4.1 b) shows that Mz3C6 is the themlodynamically stab le carbide up to approx imately 
980°C with a maximum of about 1.7 wt.%. Above thi s temperature the MC phase is predicted 
to remain stable up to the region of the liquidus temperature, reaching a maximum of 0.8 
wt. %. Furthermore, the ~ phase is predicted to form upon cooling at about 790°C, and to 
remain stable below this temperature, reaching a maximum of 3.7 wt.%. 
Figure 4.1 c) gives an indication of the composition of y as a function of temperature, also 
showing that i is among the major const ituents of this phase, along wi th Cr, Co, and W to a 
lesser extent. All other alloying elements are present in minor accounts, i.e. up to a maximum 
of5 wt.%. 
Figure 4.1 d) shows the composition of y' as a function of temperature. As for y, Ni is the 
major constituent for y' too. All other alloying elements are predicted to be present in amounts 
of less than 10 wt.%. Among these minor elements, Ta, Ti and AI are predicted to be the main 
contributors to the y' fOll11ation, as indeed expected. 
Figures 4.1 e) and 4.1 f) are related to MZ3C6 and MC respectively. Throughout the whole 
temperature range considered, MC is predicted to be high ly rich in Ta and Ti. As the 
temperature increases the Ta content decreases, going from just above 60 wt.% to almost 30 
wt.%. On the other hand, the Ti content increases from 20 wt.% up to nearly 40 wt.%. MZ3C6 
appears to be mainly constituted of Cr and Mo, with a maximum of 70 wt.% and 20 wt.% for 
these two elements respectively. Thei r respective amounts in the M2)C6 phase remain quite 
steady as temperature varies. 
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Figure 4.1 g) shows the variation of the composition of the J.I phase with temperature, 
indicating that Wand Mo are the main constituents of this phase, with a negligible variation 
of their amounts wi thin an interval of values between 25-35 wt.%. Other minor elements 
predicted to be present are i, Cr and Co. Table 4.1 summarises some of the most relevant 
results obtained from the thennodynanlic equilibrium calculations for lN792. 
Table 4.1 SummOlY of the most relevant results of thermodynamic equilibrium calculations 
pe/form ed 011 fN792. 
y' Solvus Temperature IOCl 11 63 
Solidus Temperature IOCl 1303 
Liquidus Temperature IOCl 1343 
Solution Treatment Window IOCl 1163 - 1303 
Width of Solution Treatment Window IOCl 140 
MC Stability Range IOCl 962 - 1332 
M23C6 Stabili ty Range IOCl < 979 
Mu Stability Range IOCl < 786 
Minimum Amount ofy Iwt.% 1 37.5 
Maximum Amount ofy' Iwt.%1 57.2 
Maximum Amount of MC Iwt. % 1 0.82 
Maximum Amount ofM 23C6 Iwt.% 1 1.65 
Maximum Amount of J.llwt.% ] 3.72 
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Figure 4. 1 Variation at equilibrium lVith temperature in IN792 of a) and b) the lVt. % of all phases, c) the composition of y, d) the composition of r: e) the 
composition ofM" C6, j) the composition of MC and g) the composition of 1/. 
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4.3 Microstructure of Alloy IN792 
Two different specimens were obtained from the original bulk plate-shaped material , as 
described in section 3.4. One of the specimens was representati ve of the horizontal plane, 
denominated as XY, and the other one was representative of a random vertical plane, both of 
them cut off the original plate (see fi gure 3.2, chapter 3). The specimens were 
metallographica lly prepared prIor to further microscopic investigations, fo llowing the 
procedure described in section 3.4. The fo llowing etchants were used: 
• Kalling' s reagent ~ IN792, XY plane 
• so lution I fo r electro lytic etching (citric acid-based) ~ IN792, vertical plane. 
4.3.1 SEM IlIvestigatiolls 
Both the IN792 spec imens, i.e. compri si ng the XY and vertical planes, were examined by 
means of SEM, using the Cambridge 360 equipment with the Link ANIOOOO EDX fac ility. 
The SEM investigations revealed the presence of MC precipi tates as well as y/y' eutectic 
pools. More specifica ll y, MC carbides were detected both at intergranular and intragranular 
sites . The shapes of these precipitates vari ed, but they were mostl y script-like. Figure 4.2 a) 
shows several MC carbides, which appear white in back scatter mode, uni fo rmly dispersed 
within the materi al. On the same micrograph it is also possible to see the presence of coarse y' 
precipitates, up to 5 flm in diameter, which were characterised by a blocky morphology and 
were non-un iformly di stTibuted throughout the microstructure. They are thought to have 
possibly originated from the decompos ition of eutectic pools. 
The y/y' eutecti c pools were characteri sed by very irregular morpho logies, some of them 
containing y' as the dominant phase, and others appearing equall y ri ch in y and '1'. Figure 4.2 
b) shows some typical examples of '1/'1' eutecti cs . The vari ation in the proportion of the two 
phases, i.e. '1 and '1' , present within the eutectic precipitates can be explained by considering 
that eutectics represent the last liquid to so lidify upon cooling. As such, they will mostl y be 
richer in those so lute elements that have graduall y been rejected from the so lid ifying front, as 
a consequence of the d ifferent di ffusion rates which characteri se the vari ous elements 
involved and of thermodynamic parti tioning. This phenomenon gives ri se to the fo rmation of 
80 
loca l highly segregated areas within the alloy microstructure, hence to a change 111 the 
morphology and composition of the phases that f0l111 last upon solidification. 
The y' particles were characterised by di fferent sizes and morphologies, as shown in figures 
4.2 c) and d). However, it should be noted that the triangular shape of the y' precipitates 
shown in figure 4.2 d) is thought to be the resul t of a sectioning effect and to the spec i fic 
ori entation of the cuboids with in the grain in question. Sub-flm sized y' cuboids were visible, 
along with spheroidal ones with a diameter of approximately 1-2 flm . 
Furthermore, it should be noted that in the electrolytically etched specimen representing the 
XY plane, the y' phase appears brighter than the y in the secondary electron imaging mode. 
However, the opposite behaviour occurs in the other specimen, i.e. the vertical plane that was 
etched with Kalling's reagent. This is due to the way these etchants acted and the types of 
microstructural features that they brought in reli ef, as discussed in the previous chapter. 
[t should be noted that no M23C6 precipitates were detected with in the lN792 samples 
analysed, although according to the results of ThermoCalc calculations they were predicted to 
be stab le below approximately 950°C at thel1110dynamic equilibrium. 
4.3.2 EDX Allalysis 
EDX analysis was carried out on the main phases observed w ithin the alloy microstructure. 
The results of such investigations provided quantitative infol111ati on on the chemical 
composition of the various precipitates encountered . However, as anticipated in section 3.7, 
the accuracy of the EDX analysis results might have possibly been affected by a degree of 
scatter in the elemental composition of the various particles, due to an overlap of the energy 
spectra fo r elements such as W, Ta and Hf. Furthennore, problems due to the electron beam 
overl ap between sub-flm sized particles and the surrounding phases might have also had an 
effect on the results obtained. 
All the MC precipitates analysed had a very similar chemical composition, with Ta and Ti 
being the main consti111ent elements, this being in good agreement wi th the thel1110dynamic 
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equi librium predictions. 0 significant variations in composition were evident within each of 
the precipi tates ana lysed. It was therefore concluded that only one type of MC carbide was 
present within the IN792 microstructure, with a relatively consistent chemical composition, as 
presented in table 4.2. 
With regard to the y' phase, negligible variations in chemical compositions were recorded 
between the y' present in the eutectic precipitates and the cuboidal y' particles. The same trend 
was observed for the y phase. The chemical composition of y and y' phases measured from 
EDX analyses are g iven in tab le 4.3. Tt should be noted that these values of compositions 
appear quite consistent with the results of thermodynamic equi librium calculations for y and 
y', previously shown in figure 4 .1. 
Table 4.2 £DX allalysis results for MC ill 1N792. 
Element MC Composit ion 
(wt.% ) 
Ti 21.3 22.7 
Al 0.4 - 0.6 
Ni 3.3 - 4.8 
Cr 1.1 - 1.3 
Co 0.4 - 0.8 
Hf 3.2 - 3.6 
Mo 2.1 - 2.8 
W 4.4 - 7.6 
Ta 55.0 - 60.0 
Nb 0.6 - 1.2 
Table 4.3 £DX analysis results for y' and y ill IN792. 
Element y' Composition y Composition 
(wt. %) (wt.%) 
Ti 6.3 - 6.8 2.7 - 3.3 
A l 2.7 - 2.9 1.4 - 1.9 
Ni 72.0 - 74.0 61.0 - 62.3 
Cr 2 .8 - 4.0 14.3 - 15.8 
Co 5.7 - 6.4 9.8 - 10.2 
Hf 0.0 - 0.3 0.1 - 0.6 
Mo 0.5 - 0.6 1.9 - 2.6 
W 1.7 - 2.5 3.8 - 4 .4 
Ta 4 .7 - 5.7 1.6 - 2.3 
Nb 0.0 - 0.1 0.1 - 0.4 
82 
Figure 4.2 SEM micrographs of fN792, etched with a), c) and d) solutiol/ I electrolytic etch, 
al/d b) Ka/ling's reagent. 
a) b) 
~MC 
c) cl) 
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4.4 Summary 
This chapter presented and discussed the outcome of the investigations carried out to 
characteri se the conventiona ll y cast IN792 alloy. The results of theml0dynamic equilibrium 
calculations performed using the actual alloy composition were presented. These assisted the 
identifi cat ion and eva luation of the various phases observed during microstructural 
investigation. 
In add ition to the cuboidal primary y' precipitates, also some large y/y' eutectic pools were 
detected throughout the microstructure of the alloy. Some of these eutectic precipitates 
appeared to be constituted of y' as the predominant phase, and others were instead equally rich 
in y and y'. Ta-Ti rich MC precipitates were the only carbide phase detected, characterised 
mainly by a script-like morphology. The chemical composition of the y, y' and MC were 
reported as obtained from the EDX analyses, and they appeared to agree reasonab ly well with 
the corresponding thermodynamic equilibrium predictions. 
4 
5. Characterisation of Alloy CMSX4 
and its C-Containing Variants 
85 
5.1 Introduction 
The characteri sation of alloy CMSX4, (in this study referred to as "standard"), and two C-
containing variants B/C and B/C HC was calTied out using a number of experimental 
techniques. Thermodynamic equilibrium calculations were performed using ThermoCalc and 
a detai led m icrostructural characteri sation was carried out by means of scanning electron 
microscopy. This chapter presents and discusses the outcome of all the investigations 
perfonned on the three CMSX4 alloy grades. The results of thermodynanlic equilibrium 
calculations and themlodynamic equilibrium " thought" experiments are presented first, 
followed by the outcome of microstructural investigations and EDX analysis. 
5.2 Thermodynamic Equilibrium Calculations 
Thennodynamic equilibrium calculations were performed usmg the ThermoCalc software 
package on a ll three CMSX4 grades, i.e. the "standard" CMSX4 with virtuall y no C in it, and 
CMSX4 B/C as well as CMSX4 B/C HC both wi th increased C content compared to the 
"standard" grade. The actual chemical compositions of these three materials have been given 
in table 3. 1, chapter 3. All themlOdynamic calculations provided an indication of the 
equilibrium phases and their composition as a funct ion of temperature. 
In all of the equilibrium calculations perfo nned, a temperature range of 600-1 400°C was 
selected and the fo llowing phases considered: liquid, y, y', f.l , MC and M23C6. The chemical 
composi tions input for each of the alloys were as reported in table 3.1, wi th the exception of 
Band Zr for which the concentrations were set eq ual to zero. Zr was not an element present in 
the database used. B, on the other hand, was excluded due to so ftware problems which were 
encountered when this element was included. It is thought that the exclusion of these two 
elements would not have had a significant effect on the major phases present. 
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Figures 5.1, 5.2 and 5.3 present the results of themlodynamic equilibrium calculations for 
"standard" CMSX4, CMSX4 B/C and CMSX4 B/C HC respectively. These data will be 
discussed in parallel, so as to allow for a comparison of the three alloys investigated and 
hence facilitate the understanding of the effects of varying C content on the resulting 
thennodynamic equilibrium predictions. Carbon, indeed, is the mai n facto r that differentiates 
the three material s in question. 
Figures 5.1 a), 5.2 a) and 5.3 a) show how the wt.% of a ll equilibrium phases changes as a 
fu nction of temperature for each of the three CMSX4 materials, in order of increasing C 
concentration. As expected, the first phase to fonn upon sol idification is always y, closely 
fo llowed by MC which also precipitates ITom the liquid. Within the selected temperature 
interval the wt.% of the y phase increases with temperature at the expense of that ofy'. This 
trend becomes clearer above approximately I 100°C, i.e. at the temperature at which the two 
curves (corresponding to y and y' respectively) intersect. lndeed, it can be seen that above this 
particular temperature the two curves become gradually steeper. 
In all of the materials (figures 5.1 a), 5.2 a) and 5.3 a) respectively), the equilibrium wt.% of 
y' reaches its maximum value of almost 70 at 600°C. At the same temperature, on the other 
hand, the wt.% of y in all tlu'ee alloys should be at its minimum value, i.e. just around 20 
wt. %. The values of y' so lvus predicted for "standard" CMSX4, CMSX4 B/C and CMSX4 
B/C HC appear to be very close to each other, being equal to 1298°C, I 295°C and 1291 °C 
respectively. The solvus temperature is therefore predicted to only decrease slightly with 
increasing C content in the alloy. The sol idus temperatures predicted at equilibrium were 
I 327°C, 1328°C and 1329°C, in order of increasing C content. This would therefore suggest 
that there is only a very small increase in the solidus temperatures as the C concentration in 
the alloy is raised. These data indicate that a solution treatment window approximately 30-
40°C wide should be expected for the three CMSX4 grades at equilibrium . The liquidus 
temperature predicted for "standard" CMSX4, i.e. I 379°C, was only slightly higher than those 
related to the two vari ant grades, these being 1377°C and 1375°C for B/C and B/C HC 
respectively. These results would hence suggest that the equilibrium liquidus temperature 
decreases slightly with increasing C content. 
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Figures 5. 1 a), 5.2 a) and 5.3 a) also show that the wt.% of f.l varies wi th temperature in all 
three alloys. In "standard" CMSX4, CMSX4 B/C and CMSX4 B/C HC, ~l solvus is predicted 
to be 1054°C, I 048°C and 1054°C respecti ve ly. Furthermore, as can be seen on figures 5.1 a), 
5.2 b) and 5.3 b), the f.l phase is predicted to remain thermodynamically stable below these 
temperatures, reaching a maximum of 7.6 wt.%, 7.2 wt.% and 7.4 wt.% respectively in the 
three materi als in order of increasing carbon content. 
Figures 5.1 b), 5.2 c) and 5.3 c) show at a higher magnification the proportions and 
thennodynamic stabil ity-ranges of the carbides expected to be encountered wi thin "standard" 
CMSX4, CMSX4 B/C and CMSX4 B/C HC, respecti vely. Figure 5.1 b) indicates that in 
"standard" CMSX4 the amounts of MC and M23C6 are approximately equals to 0 wt.%. 
Hence, fo r the purposes of the present study it will be assumed that no carbides are predicted 
to fom1 at equi li brium in "standard" CMSX4, as indeed should be expected due to the almost 
complete absence ofC in thi s alloy. 
In CMSX4 B/C (see fi gure 5.2 c)), M23C6 is expected to remain them10dynamically stable up 
to 900°C, with a max imum of 0.45 wt.%. MC is then predicted to exist between 660 and 
I 348°C, with a max imum of 0.34 wt.%. In CMSX4 B/C HC, as shown on figu re 5.3 c), the 
temperature range within which M23C6 is predicted to be stable goes up to 928°C, hence being 
wider than that of the CMSX4 B/C counterpart which has a lower C content. The maximum 
wt.% of MC and M23C6 in the B/C HC grade appeared to be almost 0.6 and 0.8 respecti vely, 
hence nearly twice as much as that obtained for the B/C counterpart. The MC phase wi thin 
B/C HC is expected to be thermodynamically stab le between 660 and 1354°C, hence in a 
slightly wider temperature range than that fo r the B/C grade. All these equi librium data 
suggest that, as expected, the proportions as well as the thermodynan1 ic stabili ty ranges of the 
carbide phases should increase with increasing C content in the material. 
Figures 5.1 c), 5.2 d) and 5.3 d) are related to the variation o f y composition with temperature 
fo r "standard" CMSX4, CMSX4 B/C and CMSX4 B/C HC respecti vely. They show very 
similar trends, hence suggesting that the composi tion of y is not generally affected by the 
change in C content. i seems to be the main y constituent, together with Co and Cl' which are 
present in smaller amounts. The wt.% of each of the other alloying elements is predicted to be 
less than 10%. 
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Figures 5.1 d) , 5.2 e) and 5.3 e) represent the y' composition as a function of temperature for 
"standard" CMSX4, CMSX4 SIC and CMSX4 SIC HC respecti vely. All plots indicate 
matching trends for the three alloys, regard less of their difference in C content. Moreover, as 
in y, also for y' the major constituent is expected to be Ni, fo llowed by Ta, A l and Co in 
smaller proportions. All other alloying e lements are predicted to be present w ith less than 10 
wt.%. 
In figures 5.2 I) and 5.3 I), the change of M23C6 composition as a function of temperature is 
presented for CMSX4 SIC and CMSX4 SIC HC, respectively. In both of these alloys, the 
M2JC6 appears to be primarily constituted by Cr and Mo. Within the temperature interval 
considered, the wt.% Cr and the wt.% Mo decrease as temperature increases, although the 
change is not sign ificant. Figures 5.2 g) and 5.3 g) show the variation of MC composition 
with temperatures in CMSX4 SIC and CMSX4 SIC HC, respectively. In both these alloys, 
MC is predicted to be highl y rich in Ta and Hf within the whole temperature interval 
considered. The Ta content increases with temperature, going from about 5 wt.% to almost 
80 wt.%. The Hf content shows the opposite trend , going from almost 90% at the lowest 
temperature ex treme to less than 10% at the highest temperature. In both figures 5.2 g) and 
5.3 g), the curves for wt.% Ta and wt.% Hf intersect. In CMSX4 SIC HC, however, at 
temperatures above that which cOlTesponds to the intersect of the two curves, the difference 
between the values ofwt.% Ta and those ofwt.% Hfis greater than that obtained for CMSX4 
B/C. 
Figures 5.1 g), 5.2 h) and 5.3 h) show the influence of temperature on the composition of the 
f1 phase for the three CMSX4 grades, in order of increasing carbon content respectively. The 
plots show s imilar trends, indicating that the overa ll composit ion of the f1 phase is not a 
function of C content in the alloy. W and Re are expected to be the main constituents of the f1 
phase, followed by Co, Ni , Cl' and Mo. The wt.% of each of these elements is predicted to 
undergo little variation with temperature within the interval considered. 
Table 5.1 summanses some of the most relevant data obtained from the thermodynamic 
equilibrium calculations so far discussed with regard to " standard" CMSX4 and the two 
higher carbon variants. 
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Table 5.1 SummaJY oJ most relevant data from thermodynamic equilibrium calcLllaLions 
pe/formed Jar "stalldard" CMSX4 alld ils (Wo variants. 
Thermodynamic Equilibrium Data "St. " CMSX4 CMSX4 
CMSX4 SIC SIC HC 
y' Solvus Temperature [QC] 1298 1295 129 1 
Solidus Temperature [QC] 1327 1328 1329 
Liquid us Temperature [QC] 1379 1377 1375 
Sol ution Treatment Window [QC] 1298 - 1327 1295 - 1328 1291 - 1329 
Width of Solution Treatment Window [QC] 29 33 38 
MC Stab ili ty Range [QC] 
- 660 - 1348 660 - 1354 
M2JC6 Stability Range [QC] - < 900 < 928 
Mu Stabi li ty Range [QC] < 1059 < 1048 < 1054 
Min imum Amount ofy rwt.%l 21.3 21.3 20.9 
Minimum Amount ofy' [wt.%] 70.9 70.9 71 
Maximum Amount of MC [wt.%] - 0.34 0.58 
Maximum Amount ofM2J C6 [wt.%] - 0.45 0.77 
Maximum Amount of~ rwt.%l 7.6 7.2 7.4 
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Figllre 5. I Variation at eqllilibrillm IVith temperatllre ill "Standard " CMSX4 of a) alld b) the IVt. % of al/ phases, c) the compositioll of y, d) the composition of 
r~ e) the composition of MnC.,f) the composition of MC and g) the composition of fI. 
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Figure 5.2 Variatioll at eqllilibrillmlllitil temperatllre ill CMSX4 BIC o[a). b) alld c) tile IIIt.%o[all pilases. <I) tile compositioll ofr. e) tile compositioll ofr~ 
j) tile compositioll of MnC •• g) tile compositioll of MC alld iI) tile compositioll of JI. 
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Figure 5.3 Variatioll at equilibrium with temperature ill CMSX4 BIC HC of a), b) alld c) the wt. % of all phases, d) the compositioll of y; e) the compositioll of 
r~ j) the compositioll of M]JC" g) the compositioll of MC alld h) the compositioll of,,· 
fI) , .. 
.. 
.. 
~ 
~ 
~ .. 
"J. 
" 
" !if " ~ 
" 
" 
t/) 
.. 
j) 
" 
. . 
" 
. 
~ 
.. 
U 
M 
N 
:;: " 
.: 
" ~ 
E 
" ~ 
"I-
" ~ .. 
" 
.. , 
. . 
. . . . 
" 
>-U 
. . 
'" '" 
." ... ." 
TemlK'nt lurr (lI tg. C) 
-0-
-<>-
UQHn 
G..,)I.\I ... 
'" 
CA.\I)IA ' 
'" 
'UJC. 
" c 
• ro 
co 
" Ill' 
... 0 
" 
-0- I'i' 
-<>-
.. 
" 
" 
c 
ro 
co 
" 
". 
" 
" 
, .• 
" 
" 
b) 
• 
. -0-
..... 
"" i; 
-<>-
~ 
~ 
'-. "if. 
" \ ¥ ~ 
\ 
........ ... ::; .~ .... 
200~ 8tlO 900 1000 1100 nOG .. , 
T(,n1IK'raturr (drg. C) 
c) 
'ot .... '""">oO"'.O .. O, .. ".O"'""., .. , .. ~'""' .. oo .. <D 
'" .. ~ 
':( $0 
" .: ~o 
;; 
E JO 
" 
'" '#. 10 
~ !Cl ~.OQC:~:QCQCQ~:ood' ki ;: .";..". !p-: ~! : ~;;-: =-:: :: ::~:-:~~~;'; 
100 800 900 1/100 11 00 1100 U OO 
Tl'lIIllr raIUrl' (<leg. C ) 
g) 
" 
" 
U 
" :;. 
.: .. 
;; 
" ~ .. 
'" 
-
"I- JO 
~ 
" "---..... --
.... _ ... -- -.-_ ...... _ .. - . __ .. - ._.:\ 
eo" n e H: ;;'m"" 
150 tMI 9SO 1050 11511 1150 1J511 
Tt"nlpt'ralurr (drg. q 
LlQUU 
CAM,\!" 
'" 
G .. ' I ...... · 
'" 
'1/)(, 
" ro 
co 
.. 
" 
"" 1" 11 
" 
" 
" 
." c 
ro 
co 
" 
'" ..,0 
'" 
" 
" 
" 
c) \.' 
.. 
. ..... 
'. il ". 
f 0 .• 
-;. 
~6A ; 
,., • 
.-
:r IIQllO 
-0- CAMMA 
'" 
-<>- CAM"'" 
~ .... ~ ......... . 
o 
", 
\ U)( , 
o· 
.' ~ .. ~,~·~·--.. ==---... "".-c,~ .. =-lc,~,,,=--:,~,,,=--:~4-~ ... 
Tl'lI1flcrature (deg. C) 
11) 1_ -
---.-.. --.. -- -. 
.. 
.- - . --" . 
;J!. 15 
10 -- --- .. 
.. --. --.... 
650 700 750 SIlO 8SO 900 954 ' 000 1050 
T l'IIIpt'ralurr (drg. q 
ro 
,~ 
" 
". 
'" SI 
U 
" 
-- " 
93 
5.3 Tbermodynamic Eq uilibrium "Tbougbt" Experiments 
[n addition to all the thennodynamic equilibrium calculations described in section 5.2, other 
calculations, here referred to as "thought" experiments, were carried out on the CMSX4 
grades using ThennoCalc. The aim was to investigate the effects of increasing C content on 
the following: 
• the equilibrium amount of MC; 
• the equi librium amount ofM23C6; 
• the maximum equilibrium temperature at which f.l and M23C6 are thermodynamically 
stable; 
• the equi li brium solidus temperatures . 
Calculations were performed considering three different temperatures, 850°C, 950°C and 
I 100°C. For each of these temperatures, modified compositions were used with step-wise 
changes being made to the C content. In all of the calculations, the wt.% B was always 
assumed to be zero and no phases were excluded from the database list, with Ni always being 
the ba lancing element. On each of the trend lines reported on figures 5.4 a) to d), the first 
three points always refer to "standard" CMSX4, CMSX4 B/C and CMSX4 B/C HC, 
respectively. All other points were obtained at increasing C contents for CMSX4 B/C HC, as 
previously described. 
Figure 5.4 a) shows the influence of C content on the equilibrium wt.% of MC. Within the 
temperature interval selected, it appears that: 
• at a given temperature, the equilibrium wt.% of MC increases with the wt.% C, this trend 
becoming more marked at higher temperatures; 
• at a given wt.% C, as the temperature rises, the equi librium wt.% MC increases and this 
trend becomes more enhanced at greater C concentrations. 
Figure 5.4 b) refers to the change in equilibrium wt.% M23C6 with C content. Within the 
temperature interval selected, it appears that: 
• at a given temperature, the equilibrium wt.% ofM23C6 increases with C concentration, this 
trend being more marked at lower temperatures; 
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• at a given wt.% C, the equilibrium wt.% of M2)C6 decreases as temperature increases and 
this trend also becomes more enhanced at greater wt. % C. 
Comparing figures 5.4 a) and b), therefore it can be concluded that at the lowest of the 
temperatures considered, i.e. at 850°C, the equilibrium wt.% M23C6 wi ll be constantly greater 
than that of MC. This suggests that at 850°C M2)C6 is thermodynamically more stable than 
MC. The opposite behaviour was observed at the highest of temperatures considered, i.e. 
I 100°C. 
Figure 5.4 c) shows how the C content affects the stabi lity ranges ofM2)C6 and Jl, in terms of 
the maximum equil ibrium temperatures at which these two phases should be expected to be 
present at equilibrium in the alloy. As the wt.% C increases, the maximum temperature at 
which Jl is still predicted to be stable decreases, suggesting that the C might have a 
detrimental effect on the thermodynamic stability of this phase. The opposite behaviour was 
observed for M2)C6. 
Finally, figure 5.4 d) represents the change in the equilibrium solidus temperature as the C 
content is increased. The results obtained show that the equilibrium solidus temperature 
should ri se with increasing C content. This might be related to the greater thermodynamic 
stability of MC and y associated with increased C concentrations, since these are the only two 
phases involved in the so lid-liquid transfomlation. 
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Figure 5.4 ThermodYllamic equilibrium "thought " experimellts for CMSX4 showillg the variatioll as a fllll ctioll of C cOlltellt of a) the wt. % MC, 
b) wt. % Mn C6, c) the maximulII temperature at which Mn C6 alld p are stable, alld d) the solidus temperatllre. 
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5.4 Microstructure of the CMSX4 Materials 
This section presents the results of microstructural investigations and chemical analysis 
carried out on the following CMSX4 samples: 
• "standard" CMSX4 XY plane, (full heat treatment cycle); 
• CMSX4 B/C, bar 548 XY plane (so lution heat treatment only); 
• CMSX4 B/C, bar 612 XY plane, (full heat treatment cycle); 
• CMSX4 B/C HC, bar 600 XY plane, (solution heat treatment only); 
• CMSX4 B/C HC, bar 575 XY plane (so lution heat treatment + stage I ageing); 
• CMSX4 B/C HC, bar 563 XY plane, (full heat treatment cycle). 
All specimens were obtained from the original bulk bar materia ls and were l11etallographically 
prepared prior to microscopic investigations, following the procedure described in section as 
described 3.2 (chapter 3). The notation "XY plane" refers to a horizontal plane of the bar, as 
shown in figure 3.1 , chapter 3. Table 5.2 sllmmatises all the various etchants used, of which 
the chemical composition has been given in section 3.5. 
Table 5.2 Etchants used 011 the CMSX4 samples investigated. 
Sample Ka lling's Marble's Glyceregia Solu tion 1 Solu tion 2 
"St." CMSX4 ./ ./ ./ ./ ./ 
B/C 612, 
./ XY plane 
B/C HC 600, 
./ XY plane 
B/C HC 575, 
./ ./ XY plane 
B/C HC 575, 
./ 
vertical plane 
B/C HC 563, 
./ XY plane 
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5.4. 1 SEM IlI vestigatiolls 
This section summarIses the outcome of investigations performed by means of scanning 
electron microscopy on all of the CMSX4 specimens. It should be pointed ou t that the 
microscopy investigations and the EDX ana lyses discussed in the subsequent paragraphs were 
almost entirely carried out on the Cambridge 360 equipment, and only some samples were 
examined using the FEGSEM Leo 1530VP once it became available. It is beli eved that thi s 
might have affected to a certain ex tent the accuracy of the data gathered, mainly due to the 
different reso lution capability of the two instruments used. 
5.4.1.1 "Stalldard" CMSX4 
Some of the SEM micrographs for "standard" CMSX4 have been presented in chapter 3, in 
relation to the various etching techniques investigated in this study. In add itions to those, 
other micrographs are shown in thi s chapter to provide addi tional details on the 
microstructure of thi s alloy. This was characterised by the complete absence of carbides, 
indeed in good agreement with the thermodynamic equilibrium calculations which had only 
predicted the occurrence of negligible amounts of carb ides. 
As shown in figure 5.5 a) , y' precipitates were uniformly distributed throughout the whole 
microstruct1lre, indicating that, as expected, Ni3AI was the major constituent phase in 
"standard" CMSX4. Furtheml0re, y' particles mostly displayed a regular cuboidal 
morphology, with a size in the range of approximately 0.3-0.6 flm . No coarse y' particles or 
y/y' eutecti cs were detected. Figure 5.5 b) shows a typical example of continuous curved lines 
of closely spaced y' cuboidal precipitates, observed throughout the microstmcture of 
"standard" CMSX4. They seemed to have a s lightly dendritic morphology, as observed 
e lsewhere in the MC2 single crystal superalloy[2 J. It has been suggested that such 
microstructural features, resembling "aligrmlents", could occur as a result o f high solution 
heat treatment temperatures because o f highly locali sed melting at planar defects, or more 
li kely, because of the different precipitation conditions at such defects upon cooling. It has 
also been reported that they could s imply be low angle grain boundari es . They are not 
associated wi th any detrimental effectl2J , 
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5.4.1.2 CMSX4 BIC 
SEM investigations were carried out on CMSX4 B/C, more specifically on bars 548 and 6 12 
previous ly subjected to a solution heat-treatment on ly and to a complete pre-service heat 
treatment cycle, respectively (see table 3.4). As an ticipated from thermodynamic equilibrium 
calculations, y' appeared to be the major constituent phase in thi s CMSX4 grade. y' 
precipitates mainly occurred in the f0l111 of regu lar cubo ids, with an average s ize of 
approximately 0.4 flm, hence c lose to that of the primary y' observed with in "standard" 
CMSX4. As in "standard" CMSX4, also in CMSX4 B/C bar 6 12 alignments ofy' particles 
were observed throughout the microstructure. 
Regions comprising both y and y' were encountered within the microstructure of both of these 
CMSX4 B/C samples, as shown on figures 5.6 a), b) and c), and identified as possible y/y' 
eutectics, partl y resembling those previously observed in a lloy 1N792 (see section 4.3). These 
eutecti cs were wide ly spread throughout the whole microstructure, and represented a 
sign ifican t proportion of the surface area inspected in the specimen. These eutectic regions 
displayed different morphologies, with a diameter in the range of 15-60 flm. The majority of 
them comprised y' as the main constituent phase, with y mainly present in the form of isolated 
cellular precipitates. Figure 5.6 b), for the fully heat-treated sample, shows other eutecti c 
precipitates, which compared to those previously described, seemed to be richer in y, 
appearing dark on the micrograph. These kind of eutectic regions were not observed within 
the so lution heat-treated bar, 548. 
It is thought that eutectics li ke those shown on figure 5.6 b), richer in y compared to the 
others, were the first ones to f0l111 during casting from the last liquid to so lidi fy. As such, 
these eutectic regions are representative of highl y segregated areas in the alloy microstructure, 
due to the effects of different diffusion rates of the various solute e lements during 
solidification. The presence of the other eutectics, i.e. those less rich in y (see figures 5.6 a) 
and c)), might be the result of di ffus ional transport of so lute elements taking place with in the 
original eutectic precipi tates during the heat treatments that the alloy underwent after casting. 
Indeed, diffusion of alloying elements might have possib ly induced the re-precipitation of 
such y/y' precipitates with a modified composition, hence appearing much richer in one of the 
two component phases, in this case y'. As stated by Porter and Easterling[731, a eutecti c does 
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not always solidify as a two-phase mixture. When the volume fraction of one of the two 
phases in the microstructure is very small , a so called "divorced eutectic" can form, with the 
minor phase appearing as isolated islands and the other phase fom1ing by the thickening of 
the dendrites. 
Some coarse irregularly shaped y' particles were also detected, as shown in figure 5.6 d). 
These particles were approximately 2-5 Ilm in diameter and they are thought to be a possible 
residue of eutectic pools, which did not totally dissolve during the solution heat treatment. 
MC precipitates appeared to be di stributed throughout the whole microstructure, and they 
were characterised by various sizes and morphologies, similar to those shown on figure 5.6 
d). All the MC precipitates chemically analysed in this sample appeared very bright in the 
backscatter imaging mode, suggesting the presence of elements with a high atomic mass. No 
other carbides, such as M2JC6, were detected, although predicted to occur at equilibrium in 
CMSX4 B/C within a range of temperatures which also embraced that at which the second 
stage ageing heat tTeatment for this material was carried out (see figure 5.2). 
5.4.1.3 CMSX4 BICHC 
Figure 5.7 shows the results of SEM investigations performed on CMSX4 B/C HC bars 600, 
575 and 563, respectively. Each of these samples had undergone specific pre-service heat 
treatments, as detai led in table 3.4. In agreement wi th the results of equilibrium 
thermodynamic calculations, y' appeared to be the predominant phase in the CMSX4 B/C HC 
grade, as previously observed also in "standard" CMSX4 and CMSX4 BIC. As in the CMSX4 
B/C samples analysed, also in the CMSX4 B/C HC counterparts the y' phase displayed 
different sizes and morphologies, al though cuboidal particles were predominant in all three 
specimens (i .e. bars 600, 575 and 563). In bar 600, the diameter of the cuboids was 
approximately 0.6-0.9 Ilm and they displayed a sl ight dendritic morphology, resembling that 
of ogdoadica lly diced cubes (see figure 2.4, chapter 2). In bars 575 and 563, the y' cuboids 
had a simi lar size, with an average diameter in the range of 0.4-0.6 Ilm. This would indicate 
that, as expected, the size ofy' precipitates was refined during successive heat treatments. 
yly' eutectics were observed in all three CMSX4 B/C HC san1ples, with an average size of 
between 10-25 f1ll1, hence smaller than those of the CMSX4 B/C counterpart. As in the 
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CMSX4 B/C counterparts, the eutecti cs encountered in the B/C HC samples were also 
characterised by different morphologies and changing proportions of the two constituent 
phases, i.e. y and y', as shown in figures 5.7 a) to d). 
In bars 600 and 575 only, some of the yly' eutectics displayed a di fferen t morphology than 
those previously encountered in the B/C grade and in the fully heat treated version of the B/C 
HC grade, i.e. bar 563. Figures 5.7 a) and c) show typical examples of these eutectics, which 
have also been reported elsewhere]741. The difference between these eutectics and all the 
others discllssed previously is main ly in the morphology and proportion of the y phase. 
Indeed, y was not present in the form of isolated cellular precipitates occuning on y', but 
instead showed a "stri ated" pattern, as can be seen on figures 5.7 a) and c). Furthennore, MC 
parti cles were detected on top and in the vicini ty of these eutectic precipitates, and they were 
thought to have possibly fonned at these locations because of the high degree of segregation. 
The absence of such eutectics in bar 563, which had received a full heat treatment cycle, 
confirnls that the heat treatments do influence morphology and composition of eutectic 
regions, although further investigations are needed to fu lly understand their fornlation and 
evo lution. 
In all of the CMSX4 B/C HC samples analysed, the presence of continuous curved lines of 
aligned y' particles similar to those already found in the other two CMSX4 grades (i.e. 
"standard and B/C) was observed. In all three B/C HC specimens, MC precipitates were 
detected, and from a qualitative observation their proportions seemed slightly greater than 
those related to the CMSX4 B/C counterpart. However, to confinn thi s microstructural 
observation, a quantitative measurement of the vo lume fraction of MC would be required. 
The MC precipitates, as in the other samples, were characterised by various morphologies and 
reached up to 20 fl.m size. In bars 600 and 575 the presence of MC particles was also 
observed in the vicini ty and within yly' eutectic precipitates, a typical example of which is 
shown on figures 5.7 a) and c) . 
Figures 5.7 e) and t) show FEGSEM images of the microstructure of CMSX4 B/C HC 563 
sample, i.e. fully heat-treated. The high resolution capability of the FEGSEM instrument 
allowed for a better image quality than that of the Cambridge 360 counterpart, but most 
importantly for the detection of secondary y' precipitates, as can be seen on both figures 5.7 e) 
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and f). Such small features were not observed in any of the other CMSX4 samples 
investigated by means of the Cambridge 360 microscope, perhaps because of the lower 
resolution achievable. It is not possible, therefore, to exclude a priori the presence of 
secondary y' precipi tates also in the other two CMSX4 grades studied, particularly in those 
samples which had received the fu ll pre-service heat treatment cycle. 
Figures 5.8 and 5.9 show montages gathered from the fully heat treated CMSX4 BIC and B/C 
HC samples (i .e. bars 612 and 563). It appears that overall the BIC sample was characterised 
by a greater vo lume fraction of eutectic regions compared to the BIC HC counterpart, 
although a quantitative measurement was not performed in this study. 
A summary of the most relevant microstTuctural features and phases observed in the vari ous 
CMSX4 samples investi gated is given in table 5.3. 
Table 5.3 SUI11I11W)' of rhe main microstructural f eatures alld phases observed in the CMSX4 
samples investigated. 
Feature I St.CMSX4 B/C 548 B/C 612 B/CHC B/CHC B/CHC 
Phase 600 575 563 
M23C6 - - - - - -
MC - ,/ ,/ ,/ ,/ ,/ 
Primary y' ,/ ,/ ,/ ,/ ,/ ,/ 
Secondary y' - - - - - ,/ 
Coarse y' - ,/ ,/ ,/ ,/ -
yly' Eutectic - ,/ ,/ ,/ ,/ ,/ 
Eutectic rich -
,/ ,/ ,/ ,/ ,/ 
in y' 
Eu tectic with 
- - - -
MC and y ,/ ,/ 
Striations 
y' Ali!nilllents ,/ ,/ ,/ ,/ ,/ ,/ 
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Figure 5.5 SEM micrographs offully heat-treated "Standard" CMSX4, etched with a) citric 
acid electrolytic etch and b) Glyceregia. 
a) b) 
Figure 5.6 SEM micrographs ofCMSX4 BIC afier a) solution heat-treatment only (bar 548), 
b), c) alld d) filii heat-treatment cycle (bar 612), etched with citric acid electrolytic etch. 
~ ~ 
c) d) 
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Figure 5. 7 SEM micrographs of CMSX4 BIC HC after a) and b) solution heat-treatment only 
(bar 600), c) after solution heat trealment + prilllwy aging (bar 575), d), e) and j) after full 
heal-treatment cycle (bar 563), etched with citric acid electrolytic etch. 
a) 
c) 
e)* 
y.: 
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Figure 5.8 SEM micrographs of bulk of CMSX4 BIC bar 612. 
Figure 5.9 SEM micrographs of bulk of CMSX4 BIC HC bar 563. 
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5.4.2 EDX Allalysis 
EOX analyses were carried out to quantitatively define the chemical composition of all the 
phases observed during SEM examinations of the CMSX4 samples. Lt should be noted that, 
the accuracy of the EOX analysis results might have been affected to some extent by the 
possible contamination of surrounding phases for small-sized precipitates, andlor by the 
overlap of energy spectra which was experienced in particular with regard to W, Ta, Re and 
Hr. 
Table 5.4 sllmmarises the chemical composition of both eutectic and primary y' obtained for 
the two CMSX4 B/C samples investigated, i.e. bars 548 and 612. In the solution-heat treated 
sample, i.e. 548, primary y' appeared richer in Wand Re and had lower concentrations of Mo 
and Ta, compared to eutectic y' . In the fully heat-treated conditions, i.e. within bar 612, the 
wt. % of Cr, H f, Wand Re were greater in primary y' than in the eutectic counterpart, with the 
opposite trend being observed for Ta. A comparison between the chemical compositions of 
primary y' in bars 548 and 612, hence as a function of heat treatments received, revealed that 
after a full heat treatment cycle (i.e. in bar 612), primaryy' became enriched in AI, Cr, Hfand 
Ta, and depleted in Ti. Although not very signifi cant, such differences in y' compositions 
between the primary and the eutectic y' are possibly related to the fact the eutectic is the last 
liquid to solidify, hence affected by segregation. 
In table 5.5, the chemical composition of y' in both eutectic precipitates and primary y' are 
presented for the three CMSX4 B/C HC samples studied, i.e. bars 600, 575 and 563. 
Particularly in bars 600 and 575, and to a lesser extent also in bar 563, the concentrations of 
Ta, Hfand Ti in the eutectic y' appeared greater than those ofprimaryy'. Co and Cr, however, 
showed the opposite trend. The compositional differences between eutectic and primary y' 
found in CMSX4 B/C HC were very similar to those outlined for CMSX4 B/C. 
In table 5.6, a comparison has been made between the composition of primary y' for all three 
fully heat-treated CMSX4 samples, i.e. "standard" CMSX4, CMSX4 B/C bar 6 12 and 
CMSX4 B/C HC bar 563, in order to highlight any influence of C content on the composition 
ofy' . The concentrations ofCr and Co in y' for "standard" CMSX4 were lower than those in 
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the two C-containing variants, whereas the W content appeared greater. No speci fic trends or 
significant variations were observed in relation to all other alloying elements detected. 
In the CMSX4 SIC and CMSX4 SIC HC samples studied, all the MC particles analysed 
appeared very similar in chemical composition, being ri ch in Ta as the major constituent, as 
well as Hf and Ti in smaller amounts, in agreement with the resu lts of thennodynamic 
equilibrium predictions shown in fi gures 5.1-5.3. Table 5.7 refers to the chemical composition 
of the MC precipitates observed in the two CMSX4 B/C samples analysed, i.e. bars 548 and 
612. The resu lts obtained would suggest that compared to the sample so lution heat-treated 
only, the fully heat-treated (i.e. bar 612) sample contained MC precipitates richer in Ti and 
Re, with lower concentrations of Ta and W. 
In table 5.8, the chemical compositions of MC for a ll three CMSX4 SIC HC bars are 
presented. Going from bar 600 (so lution heat-treated only) to bar 563 (fully heat-treated), an 
increase in the Ni concentration was observed. Although less significantly, the Ta, Co, Re and 
Ti contents also seemed to ri se as the material underwent further heat treatments after the 
so lution heat treatment stage. Negligib le variation in the concentration of all other elements 
was found by comparing the results of the three CMSX4 SIC HC samples. 
In tab le 5.9, the chemical compositions of MC as detected in the full y heat-treated CMSX4 
SIC and SIC HC are given, in order to show the possible effects of increasing C content on 
the MC composition. It is possible to see that the concentrations of Ti, Hf, Wand Ta in the 
SIC sample (i.e. bar 612) were smaller than in the SIC HC counterpart (i.e. bar 563), with the 
opposite trend being observed for Re. It should be noted however that the change in W 
content between the two bars appeared more signi ficant than expected; the possibility that thi s 
is attributed to the beam overl ap carrnot be ruled out. 
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Table 5.4 EDX analysis results f or eutectic and primary y' in CMSX4 BIC bars 548 and 612. 
Element Eutectic y' Primary y' Eutectic y' Primaryy' 
(wt.%) in Bar 548 in Bar 548 in Bar 612 in Bar 612 
Ni 70.8 - 72.8 71.0 - 72.5 70.0 - 72.0 68.6 - 69.5 
Al 3.5 - 3.7 3.6 - 3.8 4.0 - 4.3 4.0 - 4.2 
Ti 1.2 - 1.5 1.2 - 1.3 1.1 - 1.2 1.0 1.1 
Cr 2.8 - 2.9 2.5 - 2.6 2.4 - 3.0 3.2 - 3.4 
Co 7.5 - 7.9 7.0 - 7.6 7.3 - 7.5 7.2 - 7.8 
Hf 0.4 - 1.1 0.5 - 1.0 0.3 - 0.8 0.2 - 1.9 
Mo 0.4 - 1.2 0.3 - 0.4 0.3 - 0.5 0.5 - 0.6 
W 2.7 - 3.6 4.0 - 4.5 3.5 - 4.2 4.5 - 4.7 
Ta 7.9 - 9.3 7.0 - 7.6 8.0 - 8.7 7.5 - 8.0 
Nb 0.0 - 0.5 0.0 - 0.2 0.1 - 0.2 0.0 - 0.2 
Re 0.2 - 1.0 0 .5 - 1.3 0.2 - 0.8 0.9 - 1.2 
Table 5.5 EDX analysis results for eutectic and prim my y' in CMSX4 BIC HC bars 600, 575 
and 563. 
Element Eutectic y' Primary y' Eutectic y' Primary y' Eutectic y' Primary y' 
(wt.%) in Bar 600 in Bar 600 in Bar 575 in Bar 575 in Bar 563 in Bar 563 
Ti 1.3 - 1.6 1.2 - 1.4 1.4 1.6 J.3 - 1.4 1.2 1.3 1.2 - J.3 
Al 3.5 - 3.9 3.7 - 4.3 3.4 - 4.2 3.5 - 4.0 4. 1 4.3 4 .0 - 4.2 
Ni 68.0 - 70.6 68.0 - 70.3 70.3 - 70.7 70.5 - 72.2 71.0 - 72.0 70.0 - 71.0 
Cr 2.3 - 2.7 2.3 - 2.6 2.7 - 3.4 2.5 - 2.7 2.5 - 3.2 2.6 - 3.0 
Co 7.3 - 7.8 7.3 - 7.7 7.5 - 8.3 7.1 - 7.6 7.4 - 7.6 7.4 - 7.7 
Hf 0.5 - 1.6 0.4 - 1.0 0.6 - 1.5 0.5 - 0.9 0.4 - 0.6 0.5 - 0.7 
Mo O. I - 0.5 0.4 - 0.7 0.3 - 0.4 0.1 - 0.5 0.4 - 0.5 0.3 - 0.6 
W 3.1 - 3.4 3.7 - 4.3 2.8 - 3.5 3.8 - 4.1 3.5 - 4. I 3.6 - 3.9 
Ta 8.9 - 10.0 8.3 - 9.3 7.2 - 8.7 6.4 - 8.2 9.0 9.1 8.9 9.0 
Nb 0.0 - 0.2 0.0 - 0.2 0.0 - 0.4 0.0 - 0.2 0. 1 - 0.2 0. 1 - 0.2 
Re 0.7 - 1.4 0.8 - 1.6 0.5 - 1.2 0.8 - 1.2 0.5 - 0.6 0.6 - 0.9 
Table 5.6 EDX analysis results for primary y'in "standard " CMSX4, CMSX4 BIC bar 6/2 
and CMSX4 BIC HC bar 563. 
Element y' in "St." y' in BIC y' in BIC HC 
CMSX4 Bar 612 Bar 563 
Ti 1.2 - 1.4 1.0 - I. I 1.2 - 1.3 
Al 3.6 - 4. 1 4.0 - 4.2 4.0 - 4.2 
Ni 70.0 - 71.3 68.6 - 69.5 70.0 - 7 1.0 
Cr 1.9 - 2.3 3.2 - 3.4 2.6 - 3.0 
Co 6.6 - 7.2 7.2 - 7.8 7.4 - 7.7 
Hf 0.6 - 1.0 0.2 - 1.9 0.5 - 0.7 
Mo 0.3 - 0.8 0.5 - 0.6 0.3 - 0.6 
W 4.3 - 5.2 4 .5 - 4.7 3.6 - 3.9 
Ta 7.7 - 8.7 7.5 - 8.0 8.9 9.0 
Nb 0.0 - 0.3 0.0 - 0.2 0. 1 - 0.2 
Re 0.7 - 1.2 0.9 - 1.2 0.6 - 0.9 
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Table 5. 7 EDX analysis results for MC in CMSX4 BIC bars 548 and 612. 
Element MC in Bar MC in Bar 
(wl.%) 548 612 
Ti 3.4 - 6.5 7.7 - 8.1 
AI 0.5 - 0.6 0.8 - 1.0 
Ni 3.4 - 6.5 3.9 - 6.2 
Cr 0.4 - 0.9 0.7 - 1.1 
Co 0.5 - 1.3 0.7 - 1.0 
Hf 6.6 - 14.2 11.7 - 13 .8 
Mo 0.4 - 1.2 0.6 - 1.1 
W 1.9 - 3.2 -
Ta 70.8 - 76.5 68 .0 - 70.1 
Nb 0.0 - 0.4 0.0 - 0.1 
Re 0.0 - 1.7 1.9 - 2.5 
Table 5.8 EDX analysis results for MC ill CMSX4 BIC HC, bars 600, 575 and 563. 
Element MC Composition MC Composition MC Composition 
in Bar 600 (wt.%) in Bar 575 (wt. % ) in Bar 563 (wt. %) 
Ti 7.3 - 9.7 8.4 - 10.2 8.7 - 10.1 
Al 0.5 - 0.9 0.6 - 0.9 0.5 - 1.0 
Ni 3.4 - 4.8 3.2 - 5.7 3.5 - 5.8 
Cr 0.3 - 0.8 0.2 - 1.0 0.2 - 0.9 
Co 0.2 - 0.9 0.5 - 1.0 0.4 - 1.1 
Hr 10.3 - 17.7 7.8 - 16.1 8.6 17.0 
Mo 0.2 - 1.2 0 - 1.2 0 - 1.4 
W 1.0 - 6.3 0 - 7.0 0 - 3.9 
Ta 64.0 - 70.0 67 .7 - 72.7 66.0 - 72.6 
Nb 0.0 - 0.1 0 - 0.2 0 - 0.1 
Re 0. 1 - 0.8 0 - 1.0 0 - 1.2 
Table 5.9 EDX analysis resulis for MC in CMSX4 BIC bar 612 and CMSX4 BIC HC bar 563. 
E lement MC in Bar MC in Bar 
(wt.%) 612 563 
Ti 7.7 - 8. 1 8.7 - 10.1 
Al 0.8 - 1.0 0.5 - 1.0 
Ni 3.9 - 6.2 3.5 - 5.8 
Cr 0.7 - 1.1 0.2 - 0.9 
Co 0.7 - 1.0 0.4 - 1.1 
Hf 11.7 - 13.8 8.6 - 17.0 
Mo 0.6 - 1.1 0 - 1.4 
W - 0 - 3.9 
Ta 68.0 - 70. 1 66.0 - 72.6 
Nb 0.0 - 0. 1 0 - 0.1 
Re 1.9 - 2.5 0 - 1.2 
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S.S Summary 
Thi s chapter presented and discussed the results of the investigations perfornled to 
characterise the CMSX4 a lloy and two C-containing variants, CMSX4 B/C and CMSX4 B/C 
HC. First, the results of thennodynamic equilibrium calculations carried out on the three 
CMSX4 grades using their actual chemical compositions were presented . These calculations 
illustrated the possib le phases within the three materials and their composition as a function of 
temperature. This infornlation was used during the SEM and the EDX analysis perfonned on 
the various CMSX4 samples to aid in phase identification. Additionally, the outcome of 
thermodynamic "thought" experiments was also discussed . These were aimed at the 
investigation of the effects of varying C concentration on the thennodynamic stability of the 
carbides (MC and M 2J C6) as well as the f.l phase, and on the so lidus temperature. 
A detailed microstructura l characterisation of the three CMSX4 grades was carried out by 
means of SEM and EDX analysis . The "standard" CMSX4 appeared to have a regular 
microstructure mainly comprising of primary y' with no carbides; some y' cuboida l 
precipitates also occurred in the fornl of "alignments", and were also found within the various 
C-containing CMSX4 samples. In both CMSX4 B/C and B/C HC, in addition to the cuboidal 
primary y' precipitates, some large yly' eutectic pools were found throughout the 
microstructure. Some of these eutectics appeared to compri se almost entirely of y', whereas 
others also contai ned y either in the fom of ce llular isolated precipitates or resembling 
"striated" patterns. The presence of secondary y' particles was observed at higher resolution 
(FEGSEM) within the fully-heat treated CMSX4 B/C HC sample. Secondary y' may also 
could have been present within the other fully heat-treated CMSX4 grades, wh ich were 
examined using a tungsten filament SEM. 
MC precipi tates rich in Ta, Ti and Hf, as predicted by thennodynamic equilibrium 
calculations, were observed within all of the C-containing CMSX4 samples. 0 other carbide 
phases were present. The chemical compositions ofthe eutectic and primary y', as we ll as that 
of the MC precipitates were reported as obtained fro m the EDX ana lyses, and appeared to be 
in quite a good agreement wi th thennodynamic equi librium predictions. A comparati ve study 
was made of the various elemental concentrations within the eutectic and primary y'. 
Furthennore, the effect of C concentration and heat treatments received were both studied in 
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relation to any possible variation of the chemical composition of the different phases 
observed, i.e. eutectic and primaryy', as well as MC. 
III 
6. Characterisation of Alloy DCT6 
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6.1 J ntroduction 
This chapter presents the results of all of the investigations carried out in order to characterise 
the alloy DCT6 in its as-received condition, the chemical composition of which was given in 
table 3.1 (chapter 3). First, the results of thennodynamic equi librium calculations perfonned 
using the actual bulk composition of the a lloy are discussed. These are followed by addi tional 
thermodynamic equi librium predictions, obtained by su itab ly modifying the concentration of 
certain elements within the alloy, to enable an assessment of their influence on the nature and 
proportions of the equilibrium phases. The results of microstructural investigations are the 
presented for all of the major phases observed within the microstructure. 
6.2 T hermodyna mic Eq uilibrium Calculations for DCT6 
Calculations were perfolllled using ThennoCalc fo r alloy DCT6 in order to get an indication 
of the phases expected to be present within the alloy, under thellllodynamic equil ibrium 
conditions. These calculations also provided infonnation on the proportions and composition 
of each equilibrium phase as a function of temperature. However, no infonnation can be 
obtained on the kinetics of phase transfonnations taking place. 
In all of the calcu lations perfolllled, the a lloy composition was used as an input, no phases 
were excluded from the database list and a temperature range of 600-1 400°C was selected. 
The results of these calculations, shown in figure 6. 1, indicate that the equilibrium phases 
expected to be present within DCT6, for the selected temperature range (600-l440°C), are: 
liquid, y, y', MC, M23C6, 11, cr, and P-phase. 
As shown in figure 6.1 a), the first phase to precipitate from the liquid upon cooling is y at 
l336°C (the equilibrium liquidus temperature), immediately followed by MC, which also 
starts to form from the liquid at l 327°C. The proportion of y increases with temperature, at the 
expense of y', and this behaviour appears to be more marked at temperatures above IOOO°C. 
Within the se lected temperature interval , the amount of y' reaches a maximum value of 
62.2 wt.% at 600°C, the temperature at which the amount of y is at its minimum, i.e. 29 wt.%. 
Furthennore, the equilibrium y' solvus temperature is found at ll83°C, whilst the so lidus is 
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pred icted at 1297°C. This suggests that at thermodynamic equilibrium the solution treatment 
window for DCT6 should be between 11 83 and 1297°C, hence w ith a width of 114°C. It 
should be noted that the widths of the solution treatment windows obtained for IN792 and 
DCT6 are very similar, and much greater than those pred icted fo r all of the three CMSX4 
grades studied, which indeed had a much smaller width of approximately 30-40°C. 
Figure 6.1 b) shows a magn ified graph of the amounts of a ll minor equilibrium phases as a 
function of temperature. It can be seen that M23C6 is predicted as the thermodynamically 
stab le carbide up to approximately 990°C, wi th an almost constant amount of approximately 
1.37 wt.%. MC is expected to be stable within a temperature range (980-1327°C) which 
sl ightl y overl aps with that predicted for M21C6, and with a maximum amount of about 0.7 
wt.%. As shown in figure 6. 1 b), (J is predicted to precipitate upon cooling at 713°C, and stay 
stable below thi s temperature w ith a maximlUTI of 4.2 wt.% reached at 600°C. The P-Phase, at 
equili brium, is expected to be stable between 600 and 9 19°C, reaching a maximum of 3.7 
wt.% at 715°C. Furthermore, the results of ca lculati ons would suggest that the !l phase should 
also be present amongst the equilibrium phases at temperatures lower than 616°C. 
Figure 6.1 c) shows how the composition ofy vari es wi th temperature, and it suggests that Ni 
is the major consti tuent of this phase, followed by Cr, Co, and W in smaller amounts. Al l 
other alloying e lements are present in even lower quantiti es, i.e. less than 5 wt.%. The results 
of ca lculations suggest that the i content of y decreases with temperature, whereas the 
amounts of Co and Cr both increase. Figure 6.1 d) gives the chemical composition of y' as a 
function of temperature, which, similar to y, is mainly constituted of Ni. A ll other alloyi ng 
elements are predicted to be present in smaller concentrations, i.e. up to 10 wt.%, with Ta, Ti, 
AI and Co being the main y' formers. [n contrast to the compositional variations predicted for 
y, the Co and Cr contents ofy' are pred icted to decrease wi th temperature. 
Figures 6. 1 e) and 6. 1 f) present the predicted chemical compositions of M23C6 and MC as a 
function of temperature. M23C6 is predicted to be mainly constituted of Cr and Mo, with 
maximum va lues of approx imate ly 70 wt.% and 20 wt.% respecti ve ly. The amo llnts of these 
elements in this phase are expected to remain almost unchanged as the temperature varies. 
Throughout its whole equilibrium temperature range of stability, MC is predicted to be very 
rich in Ta and Ti , with the Ta content decreasing from approx imately 65 wt.% to a lmost 
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35 wt.% as the temperature increases. In contrast, there should be a corresponding increase in 
the amount ofTi from about 20 wt.% to 35 wt.%. Furthermore, as shown in figure 6.1 f), the 
very first MC to precipitate from the liquid is predicted to be slightly richer in W, compared 
to its equilibrium composition at all other temperatures. 
Figure 6.1 g) shows the changes in composition for ~l as a function of temperature, and also 
indicates that Mo and Ware the major constituents of this phase. The variation of their weight 
percentages is negligible within the temperature range considered, being approx imately 30% 
and 25% for Mo and W respectively. Co, i and Cr are also expected to be present within the 
~l phase, with their contents being approximately 12.5 wt.%, 14 wt.% and 18 wt.% 
respectively. Figure 6.1 h) refers to the P-phase, showing that W (approximately 35 wt.%) is 
the major constituent of this phase. Cr and Mo, also appear to be present but in smaller 
quantities than W, i.e. around 20-22 wt.%. Other alloying elements, such as Ni and Co, are 
also predicted as part of this phase, but in smaller amounts compared to a ll other elements. 
Figure 6.1 i) refers to cr, predicted to be highl y rich in Cl', the content of which almost reaches 
55 wt.%. Co is also present within this phase, with a maximum of approximate ly 25 wt.%, in 
addition to smaller concentrations of other elements, such as i, Mo and W. However, it 
should be noted that the equilibrium temperatures at which cr and )l are both predicted to be 
stable, are below the ones typically experienced during service by a gas turbine blade 
material. Table 6.1 summarises some of the most relevant results obtained from the 
thermodynamic equilibrium calculations carried out on DCT6. 
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Table 6.1 SUl1lmwy of the most relevant results of thermodynamic equilibrium calculations 
pelformed on DCT6. 
l' Solvus Temperature [0C] 11 83 
Solidus Temperature [0C] 1297 
Liquidus Temperature [0C] 1336 
Solution Treatment Window 1°C] 11 83 - 1297 
Width of Solution Treatment Window 1°C] 11 4 
MC Stability Range [0C] 980 - 1327 
M2]C6 Stability Range 1°C] < 990 
P-Phase Stability Range ["C] <9 19 
a Stability Range lOCI < 7 13 
~ Stability Range [0C] < 6 16 
Minimum Amount ofy [wt.% ] 29 
Maximum Amount of l' [wt.% ] 62.2 
Maximum Amount of MC [wt.% 1 0.7 
Maximum Amount of M2J C6 Iwt. % ] 1.37 
Maximum Amount of P-Phase [wt.% J 3.7 
Maximum Amount of a Iwt. % I 4.2 
Maximum Amount of ~ [wt. % ] 1.5 
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Figllre 6.1 Varia tion at equilibrium lVith temperatllre in DCT6 of a) and b) the lVt. % of all phases, c) the composition of y, d) the composition of r: e) the 
composition of Ml]C" j) the composition of MC, g) the composition of jl, h) the composition of P' phase, and i) the composition of a: 
a) 
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6.3 Thermodynamic Equilibrium "Thought" Experiments 
This section presents the results of thermodynamic equilibri um "thought" experi ments which 
were carried out using ThermoCalc for DCT6, hav ing suitably mod ified its chemical 
composition wi th a procedure simi lar to that previously descri bed fo r the CMSX4 materi als. 
The mai n aim of these calcu lations was to enable an assessment of the sensitivity of DCT6 to 
specific alloying elements, i.e. their influence, under themlodynamic equilibrium condi tions, 
on each of the fo llowing: 
• type of equilibrium phases and thei r relati ve mass fractions; 
• equilibrium y' solvus temperature; 
• equi librium solidus temperature; 
• width of the solution treatment window. 
The fo llowing modifi cations were made, one at a time, to the chemical composi tion of DCT6, 
the balance being made up by Ni in all cases: 
• step-wise changes to the Cr concentration; 
• step-wise changes to the AI concentration; 
• substitution of the concentration of each alloying element in DCT6 wi th a value almost 
comparable to that of its CMSX4 SIC HC cowlterpart (see table 3. I). 
[n particular, the first two sets of modified compositions presented above were used in order 
to simulate the diffusion of Cr and AI, associated with the prolonged themlal exposure of 
coated DCT6 systems at the three main temperatures of interest for th is study, i.e. 850, 950 
and 1050°C. As di scussed in depth in the next chapter, enrichment of AI and Cr are indeed 
both expected to occur within the interdiffu sion affected region of the parent material 
(DCT6), as a result of coatinglsubstrate interactions induced during high-temperature 
exposure by compos itional gradients. 
In addition to enrichment of Cr, its depletion was al so simulated, to better understand the 
influence of th is element on the equi li brium phases li kely to be present in DCT6, as a function 
of temperature. It is important to note that DCT6 is characteri sed by a Cr concentration 
significantly greater than that fo und in most other single crystal superalloys, see fo r example 
the three CMSX4 grades also investi gated in thi s study. The last set of modified compositions 
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presented above was input to allow fo r the identi fication of the elements mainly responsible 
for the significant di fference (approximately 80°C) observed between the width of the 
solution treatment window predicted fo r DCT6 and those of the CMSX4 grades. 
6.3.1 Challges ill the Nomillal Cr COllcelltratioll of DCT6 
Figures 6.2 a), b) and c) show the results of thennodynamic equilibrium calculations carried 
out to assess the sensitivity ofDCT6 to Cr, at 8S0, 9S0, and 10SO°C respectively. Each of the 
plots refers to the vari ation in the amount of the equi li brium phases predicted at a given 
temperature, as a function of step-wise changes made to the nominal Cr content of DCT6 (12 
wt.%). Values equal to 6. S%, 8%, 9.3%, 11 %, 12%, 13%, 14.S% and 16% were input as the 
wt.% Cr in the vari ous ca lculations, to simulate depletion and enric1unent of Cr within DCT6, 
whil st mai ntaining the concentrations of all other elements unchanged. It should be noted that 
6.S wt. % corresponds to the Cr concentration of CMSX4 B/C HC, whereas all of the 
remaining va lues were chosen because they were associated with relevant changes observed 
in the type and/or proportion of the predicted equilibrium phases. 
As shown in figure 6.2 a), at 8S0°C, the equ ilibrium phases predicted for Cr concentrations 
below the nominal content (i.e. wt.% Cr < 12%) are y, y' , and two carbide species, M23C6 and 
M6C. The latter, which is not amongst the equ ilibrium phases predicted for base DCT6 (see 
figu re 6. 1 a)), is expected to be main ly rich in W and Mo, also contai ning Cr and Co in 
smaller concentrations, hence characteri sed by a composition overa ll very similar to that of 
the P-phase (see figure 6.1 h)). On the other hand, at and above the nominal Cr level of 
DCT6, the equilibrium phases predicted still include y and y', as well as M23C6, cr and P-
phase. 
At 8S0°C, as Cr is depleted, the proportion of y increases, whilst the amounts of y' and M23C6 
decrease, hence suggesting that Cr at this temperature has a benefic ial effect on the 
themlodynamic stabi li ty of the latter two phases. As the Cr content drops down to I1 wt.%, 
the P-phase is no longer predicted to be stable, and j ust below this Cr level, i.e. at 9.3 wt.% 
Cr, the M6C starts to appear amongst the equilibrium phases. This W-rich carbide could be 
regarded as a counterpart to the P-phase, stable at lower Cr concentrations, and wi th a 
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thermodynamic stabili ty which increases at the expense of M23C6 and y', as Cr depletion 
becomes further enhanced. Cr enrichment at 8S0°C appears to have an opposite effect on y 
and y' compared to Cr depletion. cr is predicted to be stable at and above a Cr concentration of 
14.S wt.%, with its weight percentage increasing at the expense of y and P-phase, as the Cr 
content in DCT6 is raised fu rther. However, it should be noted that as the Cr level increases 
from 12 to 13 wt.%, when cr is not amongst the thennodynamically stab le phases, the 
proportions of the P-phase become greater. 
Similar considerations also apply to the thennodynamic stabil ity of equilibrium phases 
pred icted at 9S0°C, which figure 6.2 b) refers to. At 9S0°C, however, the proportions of y are 
visibly greater than they are at 8S0°C, with the opposite behaviour being observed for P-phase 
and cr. These two phases, in fact, are predicted to be stable at Cr concentrations higher than 
the 8S0°C counterparts. FUl1hennore, at 9S0°C the amounts of M6C are negligible « O.S 
wt.%), and MC appears to be present amongst the equil ibrium phases at Cr contents lower 
than II wt. %. 
As can be seen from figure 6.2 c), at 10SO°C the equilibrium phases predicted across the 
whole range of Cr concentrations considered, include onl y MC, y and y'. The mass fractions 
of MC are very small, and remai n unchanged throughout all of the composi tions investigated, 
therefore the thennodynamic stability of thi s phase at 10SO°C does not appear to be affected 
by the depletion and the enrichment of Cr within the alloy. As the Cr level is depleted fro m its 
original value of 12 wt.%, the amounts of y slightly increase, at the expense of y'. Cr 
enrichment, on the other hand, ind uces no changes in the proportions of these two phases. 
The results of thennodynamic equil ibrium calculations obtained fo r DCT6 wi th 6.S wt.% Cr 
were also compared to those of CMSX4 SIC HC, previously shown in figure S.3. In the 
CMSX4 grade, as opposed to the DCT6 counterpart, the proportions of y' are al ways greater 
than those of y, at all of the three temperatures of interest (i.e. 8S0, 9S0 and 10S0°C). In 
contrast with the results obtained fo r DCT6, the ~ phase, ri ch in Mo and W, but also 
containing Co and Cr, appears amongst the equilibrium phases at 8S0 and 9S0°C in CMSX4 
B/C He. Fluthennore, greater amounts of M2)C6 are expected to be present within CMSX4 
B/C HC at 8S0°C, compared to those fo und in the DCT6 alloy. 
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The values presented in table 6.2 show that the y' solvus and the equilibrium sol idus 
temperature are predicted to increase as Cr is depleted from its base content ( 12 wt.%) to 6.5 
wt.%, and the opposite behaviour is associated w ith Cr enrichment (12- 16 wt.%). No specific 
trend is observed fo r the width of the so lution treatm ent window, i.e. y' so lvus-solidus 
temperatures, in relation to the depletion of Cr. In contrast, as the Cr content rises (Tom 12 
wt.% up to 16 wt.%, the width of the so lution treatment w indow consistently decreases, go ing 
fro m I 14 to 108°C. 
Table 6.2 Il1fluence 0/ Cr depletion and enrichment 0 11 the solution treatment wil1dow and its 
width /01' DCT6 at equilibrium. 
Cr Content Iwt.%1 Sol.Treat.Window l"CI Width of Sol. Treat. Window lOCI 
6.5 1215 - 1327 11 2 
8 1203 - 1320 11 7 
9.3 1200 - 1314 11 4 
11 11 98 - 1314 116 
12 11 83 - 1297 114 
13 1178 - 1290 I 12 
14.5 1169 - 1270 I I I 
16.0 11 6 1 - 1269 108 
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Fig 6.2 DCT6' equilibrium sensitivity to Cl' at a) 85rJ'C, b) 95rJ'C, and c) J05rJ'C. 
*Note that Cr COllcel1lracioll afbase DCT6 is 12 WI.% 
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6.3.2 Challges ill the Nomillal Al cOllcelltratioll of DCT6 
Figures 6.3 a) , b) and c) show the results of thermodynamic equilibrium calculations obtained 
by step-wise increasing the AI concentrati on, in order to simulate its enrichment wi thin coated 
DCT6 materi als, as a consequence of high-temperature activated di ffusion fro m the coating 
region. Attention was again focussed on three temperatures, i.e. 850, 950 and 1050°C. Five 
different AI concentration values were used, these being equal to 3.55 wt. % (i .e. the DCT6 
nominal AI content), 4 wt. %, 5 wt.%, 5.64 wt.% (i. e. "standard" CMSX4 and CMSX4 B/C 
nominal AI content), and 6 wt.%. In all o f the calculations performed, the concentrations o f 
the other alloying elements were unchanged, with Ni always being the balancing e lement . 
Figures 6.3 a) and b), at 850 and 950°C show that the equilibrium phases predicted comprise 
y, y', M2JC6, cr and P-phase. At both temperatures, as expected, AI enrichment leads to a 
decrease in the proportions of y and to a corresponding increase in the amounts of y'. At 
850°C, however, thi s trend appears more marked in that y is no longer expected to be stable at 
AI concentrations greater than 5 wt.%, above which the only dominant phase is indeed y'. At 
both temperatures, 850 and 950°C, cr is predicted to be present at and above an AI level of 
5 wt. %, although its p roportions are greater as temperature decreases. 
At 850°C, the P-phase increases in amount as the nominal AI content is rai sed up to 4 wt.%, 
hence when cr is not predicted to be present. Above thi s concentration, the amounts o f P-phase 
are expected to remain almost unaffected by the change in AI content. In contrast, at 950°C 
the thermodynamic stability of P-phase increases as the AI content goes fro m 4 to 5 wt.%, 
then subsequently decreases at 5.64 wt.% AI , and remains unchanged as the AI concentration 
reaches 6 wt.%. The weight percentages of M2J C6, at 850 as well as 950°C, appear not to be 
influenced by AI enrichment, and their values at both temperatures are comparable. 
Compared to the 850 and 950°C counterparts, the results of calculati ons for 1050°C, (see 
figure 6.3 c), indicate that the thermodynamic stability and re lati ve mass fractions of y are 
greater, whereas those of y' are lower. Very small quantities of MC are expected to be present 
wi thi n DCT6 as its AI content increases up to 4 wt.%. At and above 5 wt.% AI , M2JC6 is 
predicted to be thermodynamica lly stable, in proportions very similar to those observed at the 
other two temperatures. Furthermore, cr is predicted at and above 5.64 wt.% AI, but in 
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amounts significantly smaller than those found at lower temperatures. The amount of P-phase 
slightly increases as the AI level changes from 5 to 5.64 wt.%, and then subsequently 
decreases as the AI concentration is raised up to 6 wt.%. 
The results of thermodynamic equilibrium calculations obtained for DCT6 with 5.64 wt. % AI 
were compared to those of "standard" CMSX4, and CMSX4 SIC. The most signi ficant 
difference detected concems y, since at 850°C thi s phase is not predicted to be stab le with the 
DCT6-modified composition, whilst it is in both the CMSX4 grades. Furthermore, at 950 and 
1050°C, the amounts of y' in DCT6 containing 5.64 wt.% AI are significantly smaller than 
those expected to be found within both the CMSX4 alloys. Moreover, the only TCP phase 
predicted to be stable in the CMSX4 materials is J.!, whereas P-phase and cr are found amongst 
the equilibrium phases associated with the DCT6-modified composition. 
The effects of AI enrichment on the sol ution treatment window at equilibrium were a lso 
ana lysed , and the results of calculations are summarised in table 6.3. These data indicate that 
as the AI content increases in DCT6, the equi li brium y' solvus temperature is expected to rise, 
suggesting that AI enhances the thermodynamic stability of y' at higher temperatures. [n 
contrast, the equilibrium solidus temperature is predicted to decrease as the AI concentration 
in DCT6 rises. Therefore, the complementary trends observed on both temperatures cause the 
width orthe solution treatment window at equi librium to consistently decrease, as a result of 
AI enrichment. 
Table 6.3 Influence of Al enrichmellt 011 the solution treatl1lenl window and its width for 
DCT6 at equilibrium. 
AI Content Iwt.% 1 Sol.Treat.Window lOCI Width of Sol. Treat. Window lOCI 
3.55 11 83 - 1297 114 
4 1198 - 1291 93 
5 1218 - 1278 60 
5.64 1222 - 1268 46 
6 1223 - 1262 39 
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Fig 6.3 DCT6' equilibrium sensitivity to Al al a) 85(fC, b) 95(fC, and c) I05(fC, 
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6.3.3 Challges ill the Nomillal COllcelltratioll of Other AlIoyillg Elemellts ill DCT6 
Another set of calculations was performed by substituting the nominal content o f each of the 
alloyi ng elements with a value simi lar to that of the corresponding element within CMSX4 
B/C HC. All other elemental concentrations were unchanged, and Ni was the balancing 
element in all of the calculations perform ed. 
Figures 6.4 a) and b) refer to the modified W concentration, i. e. 6.4 wt.% W. Compared to 
fi gures 6. 1 a) and 6. 1 b), it can be seen that the stability fi eld of y', MC and M2)C6 are almost 
unaffec ted by the change in W content. The stability fi eld ofy appears lower than that for base 
DCT6, (see figures 6. 1 a) and b)) . The thermodynamic stability of (J and P-phase, both in 
tenns of temperature range and proportions, appear greater with 6.4 wt.% W than at 
3.9 wt. % W, the actual W content in DCT6. Figures 6.4 a) and b) also show that in addition to 
the other two carbides (M2JC6 and MC), M6C (a W -containing carbide) is also predicted to be 
thermodynamically stable, although in very small amounts. Furthermore, the change in W 
content leads to a small increase in the y' solvus as well as in the equilibri um so lidus 
temperature, whilst the width of the so lution treatment window is reduced. 
Figures 6.4 c) and d) both refer to the results of thermodynamic equil ibri um calculations 
carried out inputting a Ta content of 6.5 wt. %. Compared to the actual chemical composi tion 
of DCT6 (see fi gures 6. 1 a) and b)), thi s modifi ed composi tion causes a slight increase in the 
theml0dynamic stability of y' , (J and P-phase as well , with the opposite behaviour being 
observed with respect to y and fl . The two carbides, MC and M2JC6, do not seem to be 
sign ificantly affected by the change made to the Ta content. Furthermore, the change in Ta 
concentration results in a narrower solution treatment window than in the case of base DCT6. 
This is due to a decrease in the equilibrium solidus temperature, whereas the y ' so lvus appears 
almost unchanged. 
Figures 6.4 e) and f) are both related to 0.2 wt. % Hf. It should be noted that although Hfis not 
amongst the elements present within DCT6, its introduction in fact does not visibly affect the 
theml0dynamic stabi lity of any of the equilibrium phases predicted, with the exception of a 
small reduction in the width of the so lution treatment window. 
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Figures 6.4 g) and h) present the results of themlodynamic equilibrium calculations 
perfomled with 2.9 wt.% Re. These calculations suggest that the presence of thi s element 
would induce a significant increase in the proportions of Jl and cr, as well as in their 
temperature ranges of stability. As a consequence of Re add ition to DCT6, the P-phase is 
predicted to be stable at higher temperatures, but in smaller amounts than those obtained for 
base DCT6. Furthermore, a BCC phase, ri ch in Cr and Re, is predicted to be present at 
equilibrium with thi s Re-modified composition, however no significant changes are observed 
with respect to all other equilibrium phases. There is a small decrease in the y' solvus and in 
the equilibrium solidus temperature, leading to a narrower solution treatment window than 
that of base DCT6. 
Figures 6.5 a) and b) are for I wt.% Ti, hence much lower than the actual content in DCT6 
(see table 3.1). Compared to figures 6.1 a) and b), 6.5 a) and b) show a very different trend for 
y and y' . The propol1ions of y appear always greater than that of y' throughout the whole 
temperature range considered. The stabili ty field ofy' is much smaller than the nominal DCT6 
counterpart, with the inverse trend being observed for y. Jl is the only TCP phase predicted, 
al though in very small amounts, and the proportions of MC and M23C6 appear almost the 
same as those found for base DCT6. The y' solvus and the so lidus predicted with I wt.% Ti 
appear much lower and higher respectively than the DCT6 counterparts, resulting in a much 
wider so lution treatment wi ndow. 
As shown in fi gures 6.5 c) and d) , a change in the nominal C content of DCT6 does not bring 
any sign ificant changes to the equilibrium phases predicted. However, compared to the base 
DCT6, a slight increase in the themlodynamic stability of P-phase and cr is observed, in that 
the propoItions of these two phases and the temperature interval over which they are stable 
appear greater. Furthermore, there is no significant change in the width of the solution 
treatment window. 
Figures 6.5 e) and f) show the results obtained at 0.6 wt.% Mo. Compared to figures 6.1 a) 
and b), P-phase and Jl are not predicted amongst the equilibrium phases, hence confiml ing 
that Mo significantly stabi li ses both these phases. All other phases seem unaffected by the 
change made to the Mo concentration. The y' so lvus and the equilibrium solidus temperatures 
are slightly higher than the nominal ones, and the so lution treatment window sl ightly wider. 
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The results for the so lution treatment windows and their corresponding widths obtained for 
each of the modified compositions are presented in table 6.4 below. 
Table 6.4 Solution treatment windows alld corresponding widths in DCT6 at equilibrium. 
related to changes made to the concentration of various alloying elements in turn. 
Element Content Iwt.%] Sol.Treat. Window Width of 
1°C] Sol.Treat.Window ["C] 
W 6.4 1180 - 1290 110 
Ta 6.5 1185 - l282 97 
Hf 0.2 1184 - 1288 104 
Re 2.9 1180 - 1290 11 0 
Ti I 1100 - 1343 243 
C 0.03 1185 - 1293 108 
Mo 0.6 1188-1306 118 
A companson between the results obtained fTom all of the thennodynamic equilibrium 
"thought" experiments performed for DCT6 and those for the CMSX4 grades, would suggest 
that the element mainly responsible for the significant difference in the widths of the solution 
treatment windows of these two classes of materials is indeed AI. By substituting the nominal 
AI content of DCT6 with that in the CMSX4 grades, the width of the solution treatment 
window in DCT6 gets significantly smaller. None of the other elements appears to have as 
significant an effect as that of AI. 
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Figure 6.4 Results of thermodynamic equilibrium "thought " experiments performed 01/ DCT6 
with a) and b) 5.64 wt. % W, c) and d) 6.5 wt. % Ta, e) and j) 0.2 wt.% Hf, g) and h) 
2.9 wt.% Re. 
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Figure 6.5 Results o/thermodynamic equilibrium "thought " experiments performed on DCT6 
with a) and b) 1.0 wt.% Ti, c) and d) 0.03 wt. % C, e) andf) 0.6 wt.% Mo. 
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6.4 Microstructure of Alloy DCT6 
FEGSEM investi gati ons coupled with EDX analyses were carried out on alloy DCT6 in the 
as-received condition in order to characterise its microstructure, and define the chemical 
composition of the phases and particles detected w ithin it. Pri mary y' precipitates, shown in 
fi gure 6.6 a), were the primary mic rostructural constituents of DCT6, characteri sed by a 
regular cubo ida l morphology and a mean size o f approx imately 0.2-0.4 J.Im . Tt should be noted 
that thi s alloy, unlike the CMSX4 grades, had onl y received a one-stage ageing heat treatment 
after so lution treatment. Despite th is, however, very fi ne secondary y' particles were detected, 
unifoml ly di spersed within the y channels, as can be seen in fi gure 6.6 a). 
Ta-Ti ri ch MC precipitates were the on ly carbide species observed throughout the who le 
microstructure of the sample analysed, characteri sed by various sizes up to approx imately 15-
20 J.Im . As can be seen in figure 6.6 b), a number of MC carbides were also fou nd enveloping 
a lumin ilun ox ide partic les . This microstructural feature has been reported elsewhere[75.761, and 
it is thought that the ox ide parti cle was present within the me lt, w ith MC subsequentl y 
nuc leating on it, as this carbide phase fo rms fro m the liquid within the alloy. 
Table 6. 5 presents the results ofEDX ana lyses perfo l111ed on MC, y and y'. It should be noted 
that the EDX data for y were in fact gathered from the y channels which, as mentioned above, 
were found to contain secondary y' particles, which will probably have interfered with 
measurements. Furthermore, the resu lts obtained for y' might have also been affected to a 
certain ex tent by the overlap with the surrounding matri x, due to the fact that the si ze range of 
the partic les analysed was below the e lectron beam reso lution for EDX (i. e. < I J.Im). 
Therefore, the chemica l composition va lues provided for the i-based matri x and y' should be 
regarded with some caution. In each of the tables presented, the data for the most relevant 
elements for the phase in question are highl ighted in d ifferent co lours. 
The Co and Cr concentrations measured within y seemed to be genera lly lower compared to 
the theml0dynamic equilibrium predictions. Better agreement w ith the resul ts of 
thermodynamic equilibri um calcu lations was fowld for the chemical compositions measured 
in y' and M C. For the latter, in parti cul ar, it was noted that the elemental concentrati ons of Ta 
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and Ti reflected those predicted at equilibrium at the lowest temperature of stability for this 
phase, i.e. 970°C. 
Figures 6.6 c) and d) show that the microstructural investigations performed on DCT6 also 
revealed the presence of some MC carbides enveloping sulphur-containing particles, which 
also contained Ti , the typical composition of which is given in table 6.6. The sulphur-
containing particles were classified in this study as possible titanium-sulphides, although 
further investigations, beyond the scope of this research, would be required to conclusively 
identify them. These sulphur-containing precipitates are thought to have formed from the 
liquid phase, due to the undesired presence of even just a few parts-per-million of S within the 
melt. Often referred to in literature as a tramp element, S is an impurity, characterised by 
negligible so lubility in Ni-based superalloy materials l1 8l . It is therefore expected to easily 
precipitate, leading to the formation of particles which are usually not visible by optical 
microscopy. The S content in Ni-based superalloys should be very carefully controlled 
because thi s element has been correlated with detrimental effects on creep properties. 
The evidence gathered in thi s study would suggest that it is Ti, amongst all other alloying 
elements, which ti es up the S present. This would also explain the occurrence of such S-Ti 
particles within MC precipitates (rich in Ti), or directly in their vicinity. Furthermore, the 
absence of S-rich precipitates within the CMSX4 grades investigated in thi s study would 
indicate that the alloy chemistry affects to some extent the so lubility levels of tramp elements, 
such as S. 
FEGSEM investigations also revealed the presence of Si-rich particles, an example of which 
is shown in figure 6.6 e) . Like S, Si is also an undesired impurity within the alloy, due to the 
property-level reductions generally associated with it, and for this reason its content must be 
carefully monitored and restricted to less than 500 parts-per-million[18l. As can be seen from 
the spectrum reported in figure 6.6 f), some of the EDX analyses perfomled on these Si-rich 
particles clearly revea led the presence of small amounts of C. The typical composition of 
these precipitates is presented in tab le 6.7, which does not include C because its peak cou ld 
not be quantiiied. It is thought that these particles probably become embedded within the 
superalloy microstructure during the grinding process, carried out on SiC paper prior to 
microscopy investigations. In order to investigate thi s it was found that when the surface of 
the DCT6 sample in question was metallographically prepared by means of electropoli shing, 
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hence not USIng any SiC materi als, no Si-rich precipitates were observed with in the 
microstructure of the alloy. It is un likely that these particles originated in any aspect of the 
manufacturing process. 
The as-received DCT6 sample, unli ke the C-containing CMSX4 materi als, did not contain 
any y-y' eutectic regions. In addition to the di fferences in pre-service heat treatment history of 
the CMSX4 grades and DCT6, the absence of eutectics could also be attributed to the fact that 
DCT6 does not contain any Hf. It has been reported in literature that Hf addi tions can 
contribute to the formation ofy-y' eutectics in cast Ni-based superalloys[18] 
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Figure 6.6 FEGSEM micrographs of DCT6 as-received, etched with a) and e) H3P04 
electrolytic etch, b), c) and d) Ka//ing's reagent; j) fDX spectrum of Si-rich particle shown in 
figure 6.6 e). 
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Table 6.5 EDX allalysis results' for y, y ' and MC in DCT6 as-received. 
* A 11 concentrations ill wl. % 
Element 'Y 'Y ' MC 
Ni 58 .3 - 60.6 59.4 - 6 1.2 1.8 - 2.5 
AI 2.2 - 3.5 3.0 - 3.8 0.7 - 0.8 
Ti 3.4 - 3.9 3.9 - 4.0 18 .7 - 23 .9 
Cr 11.2 - 13.6 10.8 - 11.5 0.8 - 1.5 
Co 8.9 - 9.9 8.7 - 9.2 0.5 - 1.3 
Mo 2.0 - 2.3 1.6 - 1.7 1.8 - 2.5 
W 5.9 - 6. 1 3.9 - 4 .3 2.2 - 6.0 
Ta 3.7 - 4.8 6.0 - 7.4 63.2 - 68.3 
Table 6.6 EDX allalysis results for S-rich particles in DCT6 as-received. 
Element Wt. % 
A I 0.7 - 0.9 
S 12.0 - 19.0 
Ti 2 1.8 - 41.3 
Cr 6.5 - 7.0 
Co 3.8 - 4.8 
Ni 17.3 - 26. 1 
Ta 9.3 - 16. 1 
W 1.8 - 3.0 
Table 6. 7 EDX analysis * results for Si-rich particles in DCT6 as-received. 
* C peak 110t quantified 
Element Wt. % 
Al J.5 - 1.6 
Si 40.9 - 45 .3 
Ti 2.5 - 2.7 
Cr 7.8 - 8.4 
Co 6.0 - 6. 1 
Ni 36.7 - 39.6 
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6.5 Summary 
In this chapter, the outcome of all the investigations carried out to fully characterise the DCT6 
alloy, in its as-received condition, was discussed. The results of thermodynamic equilibrium 
calculations performed using the actual alloy composition were presented, followed by 
additional thermodynamic equilibrium predictions which were obtained using suitably 
modified compositions of DCT6. These enabled the evaluation of the effects that Cr 
enrichment and depletion, as well as Al enrichment had on the type and proportions of 
equilibrium phases, predicted by means of ThermoCalc. 
Furthermore, the results of thermodynamic equilibrium calculations carried out by 
substituting the DCT6 actual content of specific alloying elements with that of the 
corresponding CMSX4 B/C HC counterparts, were discussed. In particular, attention was 
focussed on the effects that such compositional changes had on the width of the solution 
treatment window predicted for DCT6, this being significantly different than those of the 
CMSX4 grades. The data gathered suggested that amongst all of the alloying elements, Al 
was the one which had the most significant effect. The width of the solution treatment 
window was predicted to consistently decrease as the Al concentration within DCT6 was 
increased. 
The results of microstructural investigations, performed by means of FEGSEM and EDX 
analyses, were also presented. In addition to primary and secondary y' precipitates, MC 
carbides rich in Ta and Ti were also observed, some of them enveloping aluminium oxide 
particles. Furthermore, the microstructure was also found to contain some S-rich particles, 
which were tentatively identified as titanium sulphides, which possibly originated from the 
presence of small amounts of S as an impurity in the melt. 
The DCT6 material discussed in this chapter was used for the bulk of the ageing studies in 
this work. The detailed microstructural investigations of coated, aged samples are presented 
in the next chapter. 
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7. Characterisation of 
Coated Systems 
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7.1 Introduction 
A heat treatment programme was carried out on coated DCT6 and CMSX4 ("standard", B/C 
and B/C HC) materials, with temperatures ranging from 850 to 1050°C, and exposure times 
up to 10,000 h, as detailed in section 3.3. The chemical composition of the substrate materials 
and that of the coating, AMDRY997, were given in tables 3.1 and 3.7 respectively (chapter 
3). 
This chapter presents and discusses the outcome of the experimental work carried out for the 
characterisation of coated samples, mainly focussing on the DCT6/AMDRY997 system, 
which was investigated in the as-received condition, as well as after being subjected to 
isothermal exposure at various time/temperature conditions. Three different temperatures 
were selected, i.e. 850, 950 and 1050°C, with exposure times up to a maximum of 10,000 h 
for a detailed investigation of the effects of thermal exposure on the microstructural changes 
taking place in the DCT6/coating system. These temperatures were mainly chosen on the 
basis of thermodynamic equilibrium calculations. It is worth noting that 950°C is close to the 
temperature typically experienced during service by a blade located within the high-pressure 
stage of an industrial gas turbine. 
In this chapter, the results of thermodynamic equilibrium calculations performed on the 
coating material (AMDRY997) are first presented. They are followed by a discussion of the 
outcome of thermodynamic equilibrium "thought" experiments carried out to assess the 
sensitivity of this coated system to the variation of Cr and Al concentrations. The results of all 
microstructural investigations performed on various DCT6 coated samples are then discussed, 
referring to the oxidation-affected zone, the bulk of the coating, the coatinglsubstrate 
interdiffusion zone and the substrate material. The DCT6/AMDRY997 system is first 
considered in its as-received condition, followed by all the thermally exposed samples which 
are presented in order of increasing temperature of exposure, i.e. from 850 to 1050°C, and for 
each temperature in order of increasing exposure time. The results of microstructural 
examination performed on a CMSX4 B/C HC coated sample, thermally exposed at 950°C for 
1000 h, are presented and directly compared to those of the DCT6 counterpart. It should be 
noted that throughout the following sections, the various thermally exposed samples will be 
referred to using the convention previously introduced in tables 3.9 and 3.10 (chapter 3). 
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7.2 Thermodynamic Equilibrium Calculations for AMDRY997 
Thermodynamic equilibrium calculations were performed using ThermoCalc for the coating 
material AMDRY997 to get an indication of the equilibrium phases expected to be present 
within it, and their proportions as a function of temperature. For al1 of the calculations carried 
out, as presented in figure 7.1, a temperature range of600-1400°C was selected and no phases 
were excluded from the database list. 
Despite being present only in very smal1 amounts within the coating (see table 3.7, chapter 3), 
Y could not be included in any of the thermodynamic equilibrium calculations carried out for 
AMDRY997 because it was not amongst the elements within the Ni-data database used for 
this study. It is believed that, as reported elsewhere[77], this should have not led to substantial 
errors in the results of thermodynamic equilibrium predictions, due to the very low Y 
concentration within the system of interest compared to those of other al10ying elements. 
Furthermore, it is wen known from literature that in these coating materials Y mainly 
contributes to the formation of V-oxide particles, and does not play a major role in terms of 
thermodynamic stability of any of the major phases expected to be present (i.e. /3, y and y'). Ni 
was the balancing element in al1 the calculations performed, with Co, Cr, Al and Ta set to 
their concentrations in the AMDRY997 nominal composition. 
Figure 7.1 a) shows that the equilibrium phases predicted to be present within AMDRY997 
for the selected temperature range include liquid, y, 1', /3 and cr. y and /3 are the first phases to 
precipitate upon cooling, both from the liquid and almost at the same temperature, i.e. at 
1320°C (the equilibrium liquidus temperature) and 13lO°C respectively. As shown in figure 
7.1 a), the thermodynamic stability and mass fraction of y are predicted to consistently 
decrease as the temperature is lowered from 1300°C to approximately 800°C. The opposite 
trend is observed for y', for which the solvus temperature is predicted to be 1080°C, with an 
increase in amount up to 54.5% at 780°C, the maximum amount being equal to 55 wt.% 
within the temperature interval considered. Within the temperature range selected there is not 
a significant change in the weight percentage of /3, which is predicted to reach a maximum 
value of about 30 wt.% between 1050 and 1090°C. Furthermore, amongst the equilibrium 
phases predicted there is also cr, of which the solvus is predicted at 940°C. Its amount is 
expected to increase as the temperature decreases, with a maximum of almost 31 wt. % at the 
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lower end of the temperature interval considered. Overall, thennodynarnic equilibrium 
calculations seem to indicate that the stability of both l' and cr rises at the expense of ~, and 
even more significantly of y as the temperature is reduced. 
Figure 7.1 b) presents the compositional changes predicted to occur in y as a function of 
temperature, confinning that Ni, Co and Cr are the main constituents of this phase, with Al 
and Ta in much smaller proportions. As the temperature is lowered, the Ni content in y is 
expected to decrease, as are Ta and Al to a lesser extent. The opposite behaviour is predicted 
for Co, the weight percentage of which should become greater as the temperature decreases. y 
is also predicted to become enriched in Cr drops from 1300 to approximately 950°C, below 
which an opposite trend can be observed on figure 7 .1 b). 
Figure 7.1 c) shows how the chemical composition of y' changes with temperature. As 
expected, the major alloying element predicted to be present is Ni, the amount of which 
should rise as the temperature is lowered. Co, Al and Cr are predicted to remain almost 
unchanged at approximately 15 wt.%, 10 wt.% and 3 wt.% respectively, within the entire 
temperature range considered. In contrast, the amount of Ta is expected to decrease markedly 
as the temperature decreases from 950 to 800°C, at which it is predicted to reach a value of 
approximately 8 wt. %, which then remains constant to lower temperatures. 
Figure 7.1 d) illustrates the variation in the chemical composition of ~ with temperature, and 
it indicates that this phase is mainly constituted of Ni with an almost constant weight 
percentage of approximately 50% throughout the whole temperature range considered. Al and 
Cr are both predicted to have a constant concentration as a function of temperature. The Co 
concentration increases, and Ta decreases with decreasing temperature. 
Figure 7.1 e) shows the equilibrium composition predicted for cr as a function of temperature, 
with Cr and Co as the major alloying elements within this phase, and Ni expected to be 
present in much smaller quantities. Compared to the results of thennodynamic equilibrium 
calculations previously obtained for cr in DCT6 (see figure 6.1 i», the weight percentages of 
Cr and Co for the same phase in AMDRY997 appear slightly greater. This difference could 
also be ascribed to the fact that the coating material does not contain any Mo or W, which are 
both present within DCT6 and predicted to be present in the cr phase. 
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It should be noted that the thermodynamic equilibrium calculations discussed above were 
carried out using a fixed nominal composition for AMDRY997 at all temperatures, and 
therefore do not account for any change induced by high temperature-activated diffusion on 
the resulting microstructure of the coated systems. This fact should be taken into account 
when comparing the results of microstructural characterisation for AMDRY997-coated 
systems discussed later in this chapter with the thermodynamic equilibrium predictions. Table 
7.1 summarises the main findings from the thermodynamic equilibrium calculations 
performed with the AMDRY997 nominal composition. 
Table 7.1 Summary of the most relevant results of thermodynamic equilibrium calculations 
performed on AMDRY997. 
y' Solvus TemperatureJ°C] 1080 
Liquidus Temperature rOC] 1320 
0' Stability Ran2e [0C] <940 
y Stability Ran2e rOC] 782 - 1320 
Maximum Amount ofy [wt.%] 78.6 
Maximum Amount of'Y' [wt. % J 55.0 
Maximum Amount of 13 [wt. %] 30.1 
Maximum Amount of 0' [wt. % J 30.8 
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7.3 Thermodynamic Equilibrium "Thought" Experiments for AMDRY997 
Al and Cr have generally been regarded to date as the main diffusing elements to be 
investigated in order to develop models which are capable of simulating the degradation of 
overlay coatings due to simultaneous oxidation and coating-substrate interdiffusion in 
MCrA1YINi-based superalloy systems[lS,43,4S.7S-so1• In this study, thermodynamic equilibrium 
"thought" experiments were carried out using ThermoCalc on AMDRY997, at 8S0°C, 9S0°C 
and IOSO°C in order to investigate the effects of varying Al and Cr coating content on the 
amount and type of equilibrium phases predicted. The diffusion of Al and er was simulated 
by making step-wise changes to their concentrations at each of the three temperatures 
considered, and always setting Ni as the balancing element for each modified composition, 
similar to the procedure used for DCT6 described in section 6.3. 
7.3.1 Changes in the Nominal AI Concentration of AMDRY997 
Figure 7.2 shows the results of thermodynamic equilibrium calculations carried out having 
progressively decreased the nominal Al concentration of AMDRY997, from 8.S wt.% to 2 
wt.%. At 8S0°C and 9S0°C (figures 7.2 a) and b», the equilibrium phases predicted for both 
sets of modified compositions are y-Ni, P-NiAl, y'-NhAl and cr-CoCr. The cr phase is no 
longer predicted to be present at equilibrium at IOSO°C, as shown in figure 7.2 c), and appears 
in larger quantities with decreasing temperature. At all of the three temperatures considered, 
as the Al content decreases the weight fraction of y increases at the expense of P and cr. This 
confirms that high Al concentrations not only result in increased amounts of P, but also in 
most cases they enhance the tendency for the precipitation of Cr-rich phases, such as cr[421. 
Furthermore, figure 7.2 a), b) and c) indicates that, as expected, y should become increasingly 
more stable with increasing temperature, with the opposite trend being observed for all other 
phases. The P phase at equilibrium is only predicted to be stable at and above an Al 
concentration of 6 wt. % at all the three temperatures considered. At Al contents greater than 
6 wt.% at 9S0°C and IOSO°C (figures 7.2 b) and c», the p phase is predicted to be present in 
larger amounts than y'. At all of the temperatures considered, as the Al concentration 
decreases to 6 wt.%, y' is expected to become thermodynamically more stable. The y' phase 
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itself, however, is predicted to become less stable as the Al content is further diminished from 
6 to 2 wt. %. 
7.3.2 Changes in the Nominal Cr Concentration of AMDRY997 
Figure 7.3 shows the results of thermodynamic equilibrium calculations performed for 
variations in Cr concentration around the nominal Cr content of AMDRY997, i.e. 20 wt.%. 
Figure 7.3 shows that as the Cr content in the coating gets lower, there is a decrease in the 
equilibrium mass fractions of both ~ and cr, with the opposite effect being observed for y' at 
all the three temperatures considered. This would suggest that unlike y', ~ is stabilised not 
only by Al but also by Cr. 
At 1050°C, where the cr phase is no longer predicted to be thermodynamically stable at 
equilibrium, the amount of y is expected to decrease consistently with the Cr content in the 
coating. This behaviour is not consistently observed at the other two temperatures, i.e. 850 
and 950°C. At both temperatures, the equilibrium mass of y seems to first increase and then 
decrease as the er concentration is lowered stepwise from 24 to 12 wt. %. A comparison of the 
trends predicted for y and cr indicates that Cr preferably stabilises cr, the thermodynamic 
stability of which increases with Cr concentration at the expense of that of y. 
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Fig 7.2 AMDRY997 equilibrium sensitivity to AI at a) 85(/'C, b) 95(/'C, alld c) J05(/'C. 
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Fig 7.3 AMDRY997 equilibrium sensitivity 10 Cr at a) 85(/'C, b) 95(/'C, and c) I05(/'C. 
*Nole that nominal Cl' cOllcelllraliofljor AMDR Y997 is 20 wl. % 
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7.4 Microstructure of AMDRY997IDCT6 System (As-Received) 
Figures 7.4 a) b) and c) show the microstructure of the coating and the coatinglsubstrate IDZ 
within the AMDRY997IDCT6 system in its as-received condit ion. Figures 7.4 a) and b) both 
show the presence of the p phase (NiAI), appearing mid grey in back-scatter mode and 
observed througho ut the whole coating region. p is conventiona ll y regarded as the AI-
reservoir phase, i.e. the phase which mainly supplies Al to promote the formation and growth 
of the protecti ve Ah03 oxide scale on the surface of the coating. It should be noted that in 
AMDR Y997 as-received, p precipitates were also detected in the vicinity of the outer surface 
of the coating, where indeed depletion of such a phase is expected to develop as a result of 
thermal exposure due to Al diffusion towards the external oxide scale[18,42,44,48,49,8 1J. 
In AMDRY997 as-received, the coating and the coatinglsubstrate IDZ were also characterised 
by the presence of y domains containing fine ly dispersed y' particles, as can be seen on fi gures 
7.4 a), b) and c), where they are genera ll y labelled as y/y' . Indeed, although not clearly visible 
yet at thi s stage, y' precipitates were thought to be present within these y domains as suggested 
also by the results of the EDX analysis presented in tab le 7.2. The elemental concentrations of 
AI, Ta and Co wi thin the so-called y/y'c and Y/Y'i (where c and i refer to coating and IDZ 
respecti vely) regions indeed reflect quite closely those predicted for y' in AMDRY997 (see 
fi gure 7. 1 c». 
It should be noted that an exact definiti on of what comprises the IDZ within a coated system 
does not reall y exist. Generally speaking, however, the interdi ffusion zone is identified as the 
region across the coatinglsubstrate interface which usually disp lays a microstructure with 
quite di stinct features when compared to the bulk of the coating and to that of the substrate. In 
figu res 7.4 a), b) and c) the coatinglsubstrate IDZ is easily distinguishable in that it is 
characterised by the presence of very coarse y' precipitates, as well as small MC carbides, 
appearing white in back-scattered mode. 
The coarse y' precipitates in IDZ (labelled as Y'ib in figure 7.4 c» were detected with in a band 
adjacent to the substrate layer located underneath the coating. There, y' occurred with its 
typical cuboidal morphology (labelled as y' , in figure 7.4 c». The presence of a y' -enriched 
layer within the interdiffusion zone has also been observed elsewhere, and it has been 
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attributed to the diffusion of AI from the coating into the base materiaI142.82,83,84] lndeed, the 
results of equilibrium sensit ivity studies performed for OCT6 (see figure 6.3) indicate that an 
increase of the AI concentration in the substrate below the coating, possibly induced by 
diffusional transport, could give rise to further precip itation ofy' and dissolution ofy. It has 
also been suggested that the coarse y' precipitates in the IDZ could be the result of a 
recrysta lli sation process occurring after thermal ex posure!301. Their presence might also 
explain the lack of ~ phase within the interdiffusion region. iAI wou ld in fact be ex pected to 
form in the vicinity of the coatinglsubstrate interface as a result of the high-temperature 
acti vated diffusion of AI from the coating towards the substrateI18,4I,81] The grain boundary y' 
within the IDZ, however, could act as potential fast-diffusion paths, hence facilitating the 
diffusional transport of AI further away from the coating region and into the substrate. 
Small Ta-Ti rich MC carbides were a lso observed within the IDZ and in the substrate just 
underneath the coating, as shown on figures 7.4 a) and b) . The occurrence of these carbides 
wo uld suggest the presence of C in so lid so lution within the substrate region adj acent to the 
coating, perhaps as a consequence of its diffusion towards the coating. lndeed, the diffusional 
transport of C from a base alloy into an MCrAIY coating has been previously reported, and its 
detrimental effects have been highlighted with regard to the mechanical properties of the 
coating and its bonding with the substratel42] The MC precipitates detected within the IDZ 
might therefore be the result of a so lid state transformation taking place between available C 
and some of the y'-stabilising elements, such as Ta and Ti, which have also been found to 
diffuse through the coating as far as the oxide/coating interfacel42,82] 
Tab le 7.2 presents the results of the EDX spot ana lyses which were perfonned on the y/y' 
domains present in the bulk of the coating and in the IDZ, on the coarse y' within IDZ and on 
the cuboidal y' located below the coating. The reported values show a slight decrease in the AI 
and Co concentrations, accompanied by an increase in the Ti content, moving away from the 
bulk of the coating towards the substrate. Some scatter was found in the composi ti onal va lues 
fo r Cr and Ta, especiall y with respect to the coarse y' layer within the IDZ. This might be due 
to the presence of Cr-ri ch (up to ~ 27 wt.%) and Ta-rich (up to ~ 12.5 wt.%) domains found 
within, or in the vicinity of, the [OZ, as illustrated in figure 7.4 b). The Cr concentration 
measured showed some variations; it increased from the bulk of the coating inwards, reaching 
a maximum in the coarse y' precipitates within the IDZ, and then further decreased. 
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Figure 7.4 c) also shows the presence of a dark AI-oxide particle, presumably AhO), within 
the interdiffusion region. The presence of such occasional AI-oxide inclusions has also been 
reported elsewhere[I,4Z,8Z] and they are thought to be AhO] particles, which have possibly 
remained after the original grit blasting of the surface of the substrate material, performed 
with AlzO] prior to the application of the MCrAIY coating. These oxide particles are therefore 
usually regarded as a means to identify the posi tion of the original coating substrate interface. 
The microstructure of the bulk of the substrate material was found to be very similar to that of 
the un coated DCT6 as- received, discussed in chapter 6. As shown in figure 7.4 d), the 
substrate of the as-coated as-received DCT6 was characterised by a regular distribution of 
cuboidal y' , within which MC precipitates were also observed. The chemical composition of 
the main substrate phases, y' and MC, as obtained from the EDX analysis are presented in 
tab le 7.4. It should be noted that the AI and Ta concentrations in y' , are slightly greater than 
those found for y' in the substrate, these differences being attributed to the diffusional 
transport of these elements across the coating/substrate interface. 
The thickness of the coating in the AMDRY997IDCT6 sample as-received was found to have 
an average va lue of approx imately I 00 ~lIn. However, it should be noted that the experimental 
evidence gathered during the course of this study suggests that the various samples subjected 
to thermal exposure did not all have the same initial coating thickness, which needs to be 
taken into account. Indeed, as a result, no firm conclusions could be drawn on any trends 
related to the variation of coating thickness and the extent of ~ depletion with temperature and 
time. As part of thi s study, only a quantification of the oxide thickness at various 
time/temperature conditions has been made, discussed in detail within chapter 8, in relation to 
the modelling activity. 
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Figure 7.4 FEGSEM micrographs of AMDRY9971DCT6 as-received, elched with Hj P04 
electrolytic etch, showing a), b) and c) coating, IDZ and substrale, and cl) bulk of substrate. 
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Table 7.2 EDX analysis results for AMDRY9971DCT6 as-received (ref er 10 figures 7.4 a) b) 
and c) - all concentrations in wl. %). 
Element y/y'c y/1', Y"b y's B 
Ni 63.5 - 64.4 58.7 - 65.5 52.4 - 62.2 64.4 - 65.0 59.4 - 60.7 
A I 7.5 - 9.0 7.2 8.4 7.3 8.4 7.6 - 8.2 15 .3 - 20.0 
Ti 0.5 - 1.6 1.2 1.7 1.6 - 2.4 2.9 - 3.3 -
Cr 4.0 - 5.2 4.3 - 8.0 3.3 - 15.2 2.8 - 2.9 4.0 - 5.5 
Co 10.5 - 12. 1 8.9 - 11.7 10.0 - 11.3 8.6 - 8.9 11.6 - 13.3 
Ta 7.8 9.7 7.6 11.3 10.1 12.1 9.3 9.4 1.7 - 4.5 
W - 3.2 - 4 .0 2.6 - 3.3 3.4 - 3.7 -
Mo - 0.2 - OJ 0.3 - 0.4 0.2 - 0.3 -
Table 7.3 EDX analysis results for Ta-rich and Cr-rich regions in IDZ of AMDR Y9971DCT6 
as-received (ref er to figure 7.4 b) - all concentrations in wt. %). 
Element Ta-rich Cr-rich 
Ni 46.0 - 53 .2 46.0 - 48.2 
A I 6.8 - 9. J 5.3 - 6.2 
Ti 2.0 - 4.1 1.8 - 2.1 
Cr 10.0 - 14.3 24.9 - 27.3 
Co 11.0 - 12 .4 10.6 - 11.1 
W - 0.0 - 2.7 
Ta 12.4 - 17 .3 7.4 - 8.6 
Table 7.4 EDX analysis results f or bulk of subs/ rate ill AMDRY9971DCT6 as-received 
(al/ concelltrations in wt. %). 
Element y' MC 
Ni 65.2 - 67.0 3.5 - 5.8 
AI 5.7 - 6.6 0.8 - 1.3 
Ti 5.6 - 7.3 17 .0 - 24.1 
Cr 2.2 - 2.9 0.7 - 1.5 
Co 4.3 - 4.7 0.4 - 1.1 
Mo 0.7 - 1.3 1.3 - 2.4 
W 5.6 - 6.7 5.3 - 6.6 
Ta 6.2 - 6.7 6 1.9 66.7 
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7.S Microstructure of AM DRY997/DCT6 System Thermally Exposed 
This section presents and di scusses the results of microstructural investigations carried out on 
a ll AMDRY997IDCT6 samples themla lly exposed at 8S0°C, 9S0°C, 1000°C and 10SO°C for 
various lengths of time. A large amount of data was generated, and therefore only 
representative selection in respect of images and information on phase composition are 
included here. The thermall y exposed samples at each temperature wi ll be considered in 
increasing time sequence (200 h to 10,000 h). For each temperature of exposure considered, a 
summary of the main experimental observations is given, to facilitate the understanding of the 
effects of thermal exposure on microstructural evolution as a function of both time and 
temperature in the systems investigated. 
7.5.1 Microstrllctllre of AMDRY99 7IDCT6 System Thermally Exposed at 85(/'C 
7.5.1.1 Thermal Exposure of AMDRY9971DCT6 al85(/'Cjor 200 h 
The presence of relatively large y/y' domains was observed throughout the whole coating 
region in the AMDRY997IDCT6 system after themlal exposure at 8S0°C for 200 h, hereafter 
referred to as DCT6 A 1. Such y/y' domains, which can be seen on figures 7.S a) and b) , 
appeared very similar to those previously observed in the DCT6 as-coated as-received 
sample, discussed in section 7.3 . Indeed, after thernlal exposure at 8S0°C for 200 h, the small 
y' precipitates wi thin these domains were more clearly visible than they were in the 
unexposed condition (see fi gure 7.4). The external scale consisted of AI-rich oxide, 
presumably Ah03, with an average thickness of approximately 3 flm . 
As shown on figure 7.S a), the presence of the AI-rich phase, ~, was also observed throughout 
the coating in DCT6 A I, even in the vicinity of the ox ide/coating interface where there was 
no noticeable ~ depletion. The presence of Ni AI was often associated with y' prec ipitates (see 
figure 7.5 a» , indeed detected underneath ~; this would suggest that the AI-rich phase was in 
the process of decomposing into y'. 
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Although this samp le had not been subjected to a long themlal exposure, the interdiffusion 
region presented evidence that complex so lid phase transfomlations had already started to 
take place. Lndeed, the presence of small MC carbides, simi lar to those found in the 
unexposed AMDRY997IDCT6 system, was detected within the IDZ and in the substrate layer 
adjacent to the coating of DCT6 A I, as shown on figure 7.5 a) where they appear white in 
back scatter imaging mode. A y' -enriched layer with coarse y' precipitates, as present in the 
unexposed sample, could be seen in the coatinglsubstrate IDZ where large y/y' domains were 
a lso observed (see figure 7.5 a) and b)). No P precipitates were detected within this y' -
enriched band, hence suggesting that p-depletion had already started to occur in the IDZ 
under thi s time/temperature condition. 
Table 7.5 summarises the chemical composition of various coating phases and regions of 
interest as obtained from the EDX analysis. The variation in chemical composition of the y/y' 
domains and the y' phase displays simi lar trends to those obtained for the non-thennally 
exposed AMDRY997/DCT6 system discussed in section 7.3 The measured chemical 
composition of the y/y'j domains within the bulk of the coating seemed to agree reasonably 
well with the results of themlOdynamic equiliblium predictions for y' in AMDRY997, 
although the measured Cr and Ta concentrations were lower than those predicted. The AI 
level measured in P was also lower than that expected at equ il ibrium for AMDRY997 at 
850°C. 
Ta-rich regions similar to the unexposed sample, the chemical composition of wh ich is given 
in table 7.6, were observed within the interdiffusion layer (see figure 7.5 a)). Figures 7.5 b) 
and d) both show the occurrence of dark AI-oxide precipitates, located on what is thought to 
be the origina l coatinglsubstrate interface, as discussed in section 7.3. In other respects, the 
features observed in this sample were the same as the unexposed condition. 
Cr-rich particles with a compact and globular morphology were observed within the IDZ, 
occurring on y', as shown on figures 7.5 a) and b) . Their chemical composition is given in 
table 7.6, where it can be seen that they contained up to 64 wt.% Cr, 10 wt.% Co, almost 6 
wt.% Wand small er quantities of Mo (up to 2.4 wt.%). Due to their high Cr content and the 
results of them10dynamic equ ilibrium predictions, these Cr-rich precipitates were initia lly 
identified as cr, but they were subsequently thought to be possibly Cr-carbides, perhaps 
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M2JC6. Thi s consideration is on the basis of the detection of C peaks in their EDX spectra, of 
which a typical example is presented in figure 7.5 c) and the fact that the chemical 
composition of these Cr-rich precipitates was in reasonable agreement with the results of 
thennodynamic equi libri um predictions fo r the M2JC6 phase in DCT6 (see figure 6.1 e» . It 
should be noted, however, that the Mo content of these possible M 2JC6 partic les appeared 
much lower than that predicted at equilibrium, as shown on fi gure 6.1 e). T his could be 
attributed partly to the slow di ffusion of Mo towards the coating at these time/temperature 
conditions, but also to the fact that, as observed e lsewhere, M2JC6 usua lly fo rms wi th non-
equ ilibrium contents of Cr and Mo and then enriches with these e lements with increasing 
thennal exposure ti mesl85J. 
The presence of Wand Mo also suggests that these globular Cr-rich precipitates are unlikely 
to be cr. Accordi ng to the results of thennodynamic equilibrium calculations for AMDRY997, 
although cr is expected to be present with in the coating at 850°C, it was not predicted to 
contain W or Mo and it should be much richer in Co (see fi gure 7.1 e» . The possibility that 
these Cr-rich parti cles could be aCr was also considered initially, however was later 
di scounted because according to the results o f previous studies the a phase should consist 
almost entirely of Cr, and hence have a much greater Cr content than that actually detected in 
this studylJOJ. 
Beneath the coating, y' ex hibited a s igni ficant rafting behav iour in the direction parallel to the 
substTate/coating interface, as can be seen on figure 7.5 d). Such a phenomenon has also been 
reported elsewhere in Ii teratureI40•8\], and it is thought that it could have been caused by some 
form of residual stresses generated either prior to coating deposition or by thermal gradients 
between the coating and substrate. 
Cr-rich acicular precipitates were also observed in the di ffusion-affected regIOn of the 
substrate located undemeath the coating, with a specific ori entation of 45° to the rafted y' 
particles, as shown on fi gure 7.5 d). The size of these needle-like precipitates was not 
suffic iently large to allow for a conclusive EDX analysis to be perfomled, due to the 
likeli hood of interaction-volume problems of the electron beam between surrounding phases; 
hence, no detailed info nnation on their chemical compos it ion is available. 
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It has been suggested that the occurrence of Cr-rich phases within the IDZ of coated systems 
is intimately related to the high-temperature activated AI diffusion towards the substrate and 
that of the Ni in the opposite direction. These competing diffusional transport processes 
would firstly cause the formation of a y' -rich layer in the substrate region beneath the coating. 
The fact that y' can dissolve less Cr, Co and W than y would be expected to result in the 
precipitation of phases rich in these elementslS4] Acicular precipitates in the vic inity of the 
coating/substrate interface have typically been refelTed to as er phase, which is often regarded 
as brittle and detrimental to the superalloy mechanical properties. However, similar 
microstructural features have been reported elsewhere and identi fied as Ml3C6 type 
carbidesI86.87] Peichl et al, for example, have suggested that such acicular carbides in the IDZ 
can originate from the penetration of N, which comes from the combustion atmosphere, into 
MC carbides located in the vicinity of the IDZ and/or within it, causing a displacement of C. 
The free C would then react with available alloying elements such as Cr and Mo(S7) . 
The great affinity in terms of chemistry as well as crystallography between the er phase and 
the Ml3C6 carbides indeed is a well documented fact in the literaturell.2.IS.85) . It is thought that 
at 850°C and after such a short exposure time, the acicular Cr-rich phase detected in DCT6 
A I may well be er plates, which at longer exposure times and within certain temperature and 
chemical composition ranges might then evolve into Ml3C6. Indeed, Rae et alS8 ) have 
demonstrated that er often fomls as a metastable intermediate during the early stages of 
thermal exposure at particular temperatures, acting as a nucleation site for other phases, with 
similar crystallography and chemistry, such as M l3C6 carbides, which would then gradually 
evolve from it. It has also been reported that er would preferably form on specific habit planes, 
with respect to the y/y' matrix(88) . This might explain their 45° orientation to the y' rafts 
observed in this study, which elsewhere has also been related to the crystallographic axis of 
the fcc austenitic network(S6J . 
The transfomlation of er into Cr-rich carbides would, of course, be subject to the availability 
of C and possib ly other alloying elements such as Mo and W. It should be noted that, as 
reported in previous studies on coated systems with a high Cr activity, due to the great affinity 
between Cr and C, the latter element tends to diffuse from the base metal to the coating giving 
rise to the formation of Cr-rich carbides throughout the coating and/or within a band near the 
coati ng/substrate i nterface[42,46J. 
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It is therefore not possible to exclude a priori the possibility that the C-containing Cr-rich 
globular precipitates, thought to be carbides, might have been initially (J precipitates, which 
then transformed into stable carbides due to an enrichment in C and other alloying elements. 
Additionally, the possibility that the Cr-rich needle-like precipitates within the IDZ of DCT6 
A I, referred to as (J , might be carbides cannot be totally ruled out either. The labels used on 
figures 7.5 a), b) and d) in relation to a ll morphologies ofCr-rich particles should therefore be 
treated with caution. 
Figure 7.5 e) shows the typical microstructure of the bulk of the substrate in DCT6 A I, 
consisting of y' cuboids in a y matrix , where also MC carbides were detected. The chemical 
compositions of the main substrate phases, as obtained from the EDX analysis, are given in 
table 7.7. The AI and Ti concentrations measured for y' in the bulk of the substrate were 
slightly lower than the values predicted for equilibrium y' at 850°C in DCT6. Additionally, the 
measured Cr and Mo contents in y were also lower than those predicted. It should also be 
noted that the MC carbide was not predicted amongst the equilibrium phases stable at 850°C, 
although in actual fact it was detected throughout the system investigated, probably as a 
consequence of solidification. Furthermore, as in the as-coated DCT6, also in DCT6 AI the 
AI concentration of y' in the substrate region below the coating (named y's) was greater than 
that on y' in the bulk of the substrate. This confirmed that, as expected, the AI had started to 
diffuse from the coating towards the substrate as a result of thermal exposure. The Ta and Ti 
contents of y's, on the other hand, were slightly lower than those of y' in the bulk of the 
substrate. 
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Figure 7.5 FEGSEM micrographs of AMDRY9971DCT6 thermally exposed at 85(/'C f or 200 
h, etched with Hj P04 electrolytic etch, showing a), b) and d) coating, IDZ and subs/rate, alld 
e) bulk of substrate; c) typical EDX spectrulll of Cr-rich globular precipitates in IDZ 
c) 
M. n n 
'" 
u . 
'" 
e) 
EHT. 2000 ~v 
wo- Dmm 
Signa! A . se, 011. 11 J,n 2002 
Photo No . 381 flm. 14 2S 31 
S" hSlrUfe 
157 
Table 7.5 EDX analysis results for AMDR Y9971DCT6 thermally exposed at 85(fC for 200 h 
(refer to figures 7.5 a) and b) - all concen.trations in wt. %). 
Element y/y'c yly' j y'j y', 13 
Ni 59.5 - 63.5 42.1- 46.0 59.3 - 60.4 62 .0 - 62.7 53.8 - 54.1 
AI 7.0 8.7 5.2 8.4 6.2 - 7.0 5.5 - 6.7 13.1- 14.0 
Ti 0.9 - 1.5 1.0 - 1.6 1.6 - 3.0 2.4 - 3.3 0.1 - 0.2 
Cr 3.8 - 7.2 9.3 - 15.4 8.9 - 9.3 2.4 - 5.3 9.0 - 9.6 
Co 10.4 - 14.7 16.2 - 23.9 10.8 - 12. 1 8.4 - 9.2 16.6 - 17.4 
Ta 2.8 5.0 3.2 5.8 7.1 8.1 6.8 - 8.2 2.1 - 4.9 
W - 1.8 - 2.2 - 2.9 - 3.6 -
Mo - 0.1 - 0.2 - 0.1 - 0.3 -
Table 7.6 EDX analysis results for globular Mn C6 alld Ta-rich regions in IDZ of 
AMDRY9971DCT6 thermally exposed at 85(fC for 200 h (refer to figure 7.5 a) - all 
concel1lrations ill wt. %). 
Element M2}C6 (IDZ) Ta-rich 
Ni 15.4 - 28 .1 27.3 - 35 .8 
AI 2.0 - 3.5 3.7 - 4.3 
Ti 0.5 - 1.2 5.2 - 6.6 
Cr 40.9 - 64.2 5.6 - 8.4 
Co 6.3 - 9.8 9.3 - 13.7 
W 1.3 - 5.9 -
Mo 1. 1- 2.4 -
Ta 1.5 - 4.9 32.4 - 47. 1 
Table 7.7 EDX allalysis results for bulk ofsubstrate in AMDRY9971DCT6 thermally exposed 
at 85(fCfor 200 h (a ll concenlrations in wt. %). 
Element y' y MC 
Ni 6 1.0 - 6 1.1 58.1 - 58.8 4.2 - 5.7 
AI 4.3 - 6. 1 2.7 - 3.6 1.0 - 6.4 
Ti 4 .2 - 4.4 3.5 - 3.8 16.1 - 24.7 
Cr 6.6 - 9. 1 10.6 - 13.7 0.9 - 1.4 
Co 6.2 - 7.6 8.3 - 10.3 0.6 - 1.1 
Mo 1.2 - 1.7 1.8 - 2. 1 0.0 - 1.4 
W 3.7 - 4.3 3.9 - 4.9 0.0 - 1.6 
Ta 8.4 - 10.1 5.0 - 6.7 59.1 - 75.2 
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7. 5.1.2 Thermal Exposure 0/ AMDRY9971DCT6 at 85(/'C/or 1000 h 
The microstructure of the AMDRY997IDCT6 system after thennal exposure at 850°C for 
1000 h, (DCT6 A3) appeared very similar to that of DCT6 A I as illustrated in fi gure 7.6 a). 
The ex ternal ox ide scale, approximately 4 flm thick, was mostl y constituted of an AI-rich 
layer, thought to be A120 3• In a few instances, however, Ta-rich partic les were also detected at 
the ox ide/coating interface, confinning the tendency of Ta to di ffuse towards the outer surface 
of the coating, similar to AI, as indeed reported elsewhere fo r similar systems[89l, ~ 
precipitates were also observed within the coating subsurface layer, hence the depletion of 
iAI near the oxide/coating interface was not sign ificant at thi s time. 
As shown on figures 7.6 b) and c), the IDZ and the substrate layer below the coating appeared 
very similar to the DCT6 A I counterparts (see figure 7.5 and section 7.5.1.1). Additionall y, 
with regard to the carbide phase transfonnations taking place within the IDZ of DCT6 A3, 
figure 7.6 c) shows evidence of the di ssolution of MC into M23C6, wi th both phases being 
enveloped by y'. The same kind of transfonnation was observed within the bulk of the 
substrate, as can be seen on fi gure 7.6 d). Indeed, this is one of the most well known phase 
transformations for a N i-based superalloy, conventiona ll y referred to by means of the 
fo llowing equation[l ,18]: 
[7. ll 
Figure 7.7 shows the results of EDX qualitative mapping fo r Al and Cl' perfo nned on the 
coatinglinterdiffusionlsubstrate regions wi thin DCT6 A3. The Al map prov ides evidence, of 
~ depletion in the IDZ of thi s sample, as a result of Al diffu sion fro m the coati ng to the 
substrate. The Cr map, on the other hand, confinns the presence of Cr-rich precipitates of 
various morphologies detected within the region in question. 
The results of the EDX analysis perfonned on the main phases and regions of interest in the 
coating and coatinglsubstrate IDZ are reported in tables 7.8 and 7.9. Proceeding from the bulk 
of the coat ing towards the substrate region below it, the changes in AI, Cr and Ti 
concentrat ions observed in the y/y' domains and in y' itself refl ected similar trends to those 
previously found for DCT6 A I (see section 7.5. 1.1) although there was some variation in the 
Ta concentration. Overall , the concentration values of key elements, such as AI , Ta and Ti 
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found for this sample within y' -containing regions were slightl y larger than those reported for 
the DCT6 A I counterpart. The Al content of the ~ phase was also significantly higher than 
that found for DCT6 A I, and in fact even greater than that predicted for thi s phase at 
equilibrium at 850°C. Quite a good agreement was found between the measured composition 
of y/y' domains present in the bulk of the coating and the thermodynam ic equilibrium 
predictions for y' in AMDR Y997 (see figure 7. 1). 
The results of EDX analysis perfonned on the major phases encountered in the bulk of the 
substrate are reported in tab le 7. 10. In DCT6 A3, as far for DCT6 AI, the Al and Co 
concentrations of y's were greater than those of y' in the bulk of the substrate, whilst the Ta 
and Ti were similar. Simi lar trends as those described for DCT6 Al were found in this case 
when compari ng the chemical composi tion of y' measured against that predicted at 
equilibrium, hence s imilar considerations app ly. Additionally, it was found that the Ta and Ti 
content of y' in DCT6 A3 were greater than those of DCT6 A I, whilst the Al concentrations 
were similar. The Ti content of MC in DCT6 A3, on the other hand, was found to be lower 
than that of the DCT6 Al counterpart, hence showing an opposite trend to that observed for 
y'. As shown by the values reported in tab le 7. 10, the EDX analysis of the M23C6 was affected 
by the presence of the surrounding phases, i.e. MC and y' , due to the small size of the lower 
carbide which at thi s stage had just started to fom1 in the bulk of the substrate. 
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Figure 7.6 FEGSEM micrographs of AMDRY9971DCT6 thermally exposed at 85(/'Cfor 1000 
h, etched with H]P04 electrolytic etch, showing a), b) and c) coating, 1DZ and substrate 
regions, alld d) bulk of substrate. 
Figure 7.7 EDX elemental maps of a) the coatingl1DZlsubstrate region in DCT6 A3 for b) Al 
alld c) Cr. 
a) b) c) 
Cooling IDZ Subs/rOle 
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Table 7.8 EDX analysis results for AMDR Y9971DCT6 thermally exposed at 850"C for 1 000 h 
(re/er to figures 7.6 a), b) and c) - all concentrations in wt. %) . 
Element y/y' c yl'Y'; y' ; y's B 
Ni 56.0 - 59.5 52.4 - 54.9 59.3 - 60.4 61.6 - 64.3 36.3 - 57.6 
AI 7.5 - 11.5 7.4 - 7.8 5.8 - 7.5 6.0 7.8 19.2 - 42.6 
Ti 0.6 - 1.3 1.3 - 1.6 3.4 - 5.4 3.0 - 5.3 -
Cr 4.9 - 6.3 8.0 - 8.6 2.9 - 3.5 ?9 - 3.2 3.7 - 5.3 
Co 12.3 - 14.0 15.8 - 15.9 6.5 - 9.7 6.0 - 11.4 8.9 - 14.0 
Ta 10.0 - 17.6 10.1 - 11.5 8.0 - 1 0.4 8.6 - 11.3 3.0 - 8.7 
W - 1.3 - 1.8 2.0 - 2.9 2.0 - 2.7 -
Mo - 0.4 - 0.6 0.5 - 1.3 0.6 - 0.8 -
Table 7.9 EDX allalysis results for globular Mn C6 in IDZ 0/ AMDRY9971DCT6 thermally 
exposed at 850"C/or 1000 h (re/er to figure 7.6 c) - all concentrations in wt. %). 
Element MnC6 (TDZ) 
Ni 16.1 - 44.6 
Al 2.0 - 5.4 
Ti 0.9 - 2.3 
Cr 44.6 - 65 .1 
Co 5.4 - 9.9 
W 4.5 - 5.9 
Mo 0.7 - 3.2 
Ta 7.4 - 8.0 
Table 7.10 EDX allalysis results/or bulk o/substrate in AMDRY9971DCT6thermally exposed 
at 850"C/or 1000 h (all concentrations in wt.%). 
Element y ' MC M 23C6 
AI 3. 1 - 5.4 0.7 - 0.9 1.9 - 5.0 
Ta 7. 1 - 11.5 7 1.9 - 77. 1 9.3 - 28.5 
W 1.9 - 3.2 - 2.2 - 2.8 
Mo 0.6 - 0.8 1.5 - 1.6 2.1 - 4.1 
Ti 5.5 - 5.9 15.2 - 16.2 4.3 - 17.3 
Cr 3.0 - 4.0 0.7 - 2.4 23.6 - 31.2 
Co 5.0 - 5.3 0.4 - 1.0 2.1 - 4.6 
Ni 65.1 - 67.8 3.1 - 7.2 18.8 - 29.5 
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7.5.1.3 Thermal Exposure 0/ AMDRY9971DCT6 at 85(/'C/or 2000 h 
The microstructure of the AMDRY997/DCT6 after thennal exposure at 850°C for 2000 h 
(DCT6 A4), shown in figure 7.8, was very similar to that of the DCT6 A3, di scussed in 
section 7.5.1.2, hence the same considerations apply. The extemal scale, main ly comprising 
Alz0 3, had an average thickness of almost 5 ~m. [n addition to Ta, as observed for DCT6 A3, 
some Cr-ri ch regions were present on the inner ox ide layer, hence suggesting the presence of 
a mixed ox ide in some places, and also indicating that an enrichment of the subsurface region 
of the coating in Cr had occurred. The microstructure of the substrate of DCT6 A4 is shown 
in figu re 7.8 c), where a typical example of an MC carbide enveloping an Ah03 particle can 
also be seen. 
Figure 7.9 a) shows the substrate/IDZ/coating region of DCT6 A4 from which EDX elemental 
maps were acquired for the main alloying elements, such as AI, Cr and Ta which can be seen 
in 7.9 b), c) and d) respectively. Figure 7.9 b) provides evidence of AI depletion , related to the 
depletion of the ~ phase, which has taken place within the region across the original 
coatingfsubstrate interface. Within that same region, as can be seen on 7.9 c), the presence of 
acicular and globular Cr-ri ch precipitates, similar to those found within DCT6 A3, was 
observed; the same considerations apply. Furtheml0re, the Ta elemental map shown on 7.9 d) 
confill11S the presence of this element not only within the MC precipitates (appeari ng brighter 
on the map) located in the substrate underneath the coating, but a lso within the IDZ layer 
adjacent to the subslTate. 
The results of all the EDX analyses perfonned on the coating and IDZ phases for this sample 
are reported in tables 7. 11 and 7. 12. The AI concentration within the yly' domains in the 
coating is lower that that predicted at equilibrium for y' and also lower than that found within 
the y'-containing regions in the IDZ. There is therefore a different trend than that observed so 
far for the other DCT6 samples thelmally exposed at 850°C, where in fact the AI seemed to 
consistently decrease moving from the coating towards the substrate region. In DCT6 A4 it 
appears as if there is a depletion of Al in the coating region, which could perhaps be attributed 
to its diffusion towards the IDZ and the external scale. 
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Ta and Cr show a very simi lar trend to AI, with a very signi ficant increase in concentration 
detected within Y'i' This confirms that the IDZ layer in the vicinity of the substrate is getting 
enri ched in Ta, as already shown by the EDX elemental map. The AI concentration of the p 
phase after 2000 h exposure at 850°C was lower than that found after 1000 h, hence 
con filming its gradual depletion , as would be expected after increased thermal exposure . 
Compared to the DCT6 A3 counterpart, the Ta and Ti contents of y/y' c in DCT6 A4 were 
much lower, whi lst the y/y'i were characterised by a significantly greater concentration of Co 
and Cr. The latter could be exp lained as a possible result of interference fyom Cr-rich phases 
present within the IDZ and/or EDX information being acquired from y more than from y'. In 
the fDZ, the Y'i has a much higher concentration of AI and Ta than those encountered within 
the same region in DCT6 A3, and the opposite behaviour was observed for y' precipitates in 
the substrate layer underneath the IDZ, i.e. in y's. 
The Cr-rich globular precipitates detected within the IDZ, tentatively identified M2JC6, had a 
composition very similar to that of the DCT6 A3 counterpart. The EDX analyses perfornled 
on the M2J C6 phase showed significant scatter in the Cr concentration, thought to be due to 
the overlap with the surrounding MC and y' phases. The chemical composition of the 
substrate phases is reported in table 7.13. It should be noted that the AI and Ti concentration 
of y' in the substrate of DCT6 A4 agreed quite well with thermodynamic equilibrium 
predictions. The Ta concentration, however, was higher than that expected at equilib rium at 
850°C, and also much greater that that of the y's rafts near the IDZ. The composition of the 
Ta-Ti rich MC precipitates was very close to that obtained from the DCT6 A3 sample. 
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Figure 7.8 FEGSEM micrographs of AMDR Y9971DCT6 thermally exposed at 85(/'C f or 2000 h, elched wilh /-IJP0 4 eleclrolytic elch, showing a) 
and b) coaling, IDZ and substrale regions, and c) bulk of subs Ira le. 
1/) b) c) 
Figure 7.9 EDX elemenlalmaps of a) Ihe coatingllDZlsubslrate region ill DCT6 A4 f or b) AI, c) Cl' and d) Ta 
1/) b) c) t/) 
COnlillg S"bstrate 
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Table 7.1 I EDX analysis results for AMDR Y99 71DCT6 thermally exposed at 85(/'C for 2000 
h (refer to figures 7.8 a) and b) - all concentrations in wt. %). 
Element y/y'c Y/Y'j y' j y', B 
Ni 68.2 - 70.7 46.2 - 49.4 47.7 - 55.3 79.8 - 80.6 54.3 - 55 .9 
AI 4.9 - 6.6 5.0 - 8.8 7.5 - 11.3 ?I - 2.3 19.2 - 21.3 
Ti 0.2 - 0.4 0.2 - 0.3 0.6 - 1.4 4.3 - 4.4 -
Cr 4.4 - 5.8 10.9 - 14.3 6 .5 - 12.3 1.8 - 1.9 5.2 - 6.2 
Co 15. 1 - 16.2 18.2 - 23 .1 12.3 - 15. 1 5.2 - 5.7 14.1 - 14.7 
Ta 2.0 - 4.7 8.1 - 13.0 14.8 - 21.9 4.8 - 6.0 2.3 - 4.5 
W - 0.3 - 0.8 0.8 - 1.6 1.5 - 1.7 -
Mo - 0.3 - 0.4 0.2 - 0.6 0.2 - 0.3 -
Table 7.12 EDX analysis results for globular Mn C6 in IDZ of AMDRY9971DCT6 thermally 
exposed at 85(/'C fo r 2000 h (refer to figure 7.8 a) alld b) - all concentrations ill wt. %). 
Element M23C6 (IDZ) 
Ni 10.7 - 13.7 
Al 0.8 - 1.1 
Ti 0.0 - 0.5 
Cr 68.4 - 74.0 
Co 5.3 - 7.3 
W 5.1 - 5.8 
Mo 1.9 - 2.9 
Ta 0.0 - 3. 1 
Table 7.13 EDX analysis results for bulk of substrate ill AMDR Y9971DCT6 thermally exposed 
at 85(/'C for 2000 h (all concentrations ill wt. %). 
Element y ' MC M 23C 6 
Ni 58.2 - 63 .6 2.3 - 3.0 13.2 - 18.8 
AI 5.9 - 6.2 0.8 - 1.0 0.9 - 4 .7 
Ti 5.0 - 5.2 17. 1 - 18.1 2.8 - 13.6 
Cr 3.9 - 4.2 0.5 - 0.7 25.3 - 62.6 
Co 5.2 - 5.3 0.4 - 0.6 3.0 - 3.9 
Mo 0.8 - 1.0 1.5 - 2.0 0.5 - 3.4 
W 3.8 - 4.0 - 0.0 - 2.1 
Ta 11.5 - 12.3 76.6 - 78.9 17.5 - 34. 1 
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7.5.1.4 Thermal Exposure of AMDRY9971DCT6 at 85ifCfor 5000 h 
The microstructure of the AMDRY997IDCT6 system after thermal exposure at 850°C for 
5000 h appeared as shown on figure 7.10 a), which gives a low magnification view of the 
whole coating region and the substTate adjacent to it. Figure 7.10 b) shows the region of the 
subsurface layer o f the coating, hence to what is usuall y referred to as the ox idation-affected 
zone. In add ition to the dark outer AI20 3 layer, it is poss ible to see the presence of mixed 
oxide regions, containing variable proportions of alloying elements such as Cr, Ta, Ti, Co and 
Y. This microstructural observation confirms that the diffusion of other elements had started 
to become significant at these time/temperature conditions, together with that of AI , typically 
regarded as the most relevant element. The oxide scale had an average thickness of 
approximately 5.7 /lm, hence as expected slightly greater than that of DCT6 A4 exposed for 
only2000 h. 
As a result of increased thermal exposure, the presence of a continuous precipitate-free y layer 
was observed, adjacent to the external oxide scale, as visible on figure 7. 10 b). As previously 
mentioned, thi s is thought to occur mainly as a resul t of Cr-enrichment in the AI-depleted 
region underneath the AI-rich oxide scale. lndeed, unlike in the other DCT6-coated samples 
exposed for shorter times, on thi s one a ~-dep leted layer approximately I 0 ~lm thick was 
evident within the oxidation-affected region, where y' precipitates were also detected. 
The bulk of the coating comprised of ~ precipitates and y' particles, now clearly 
di stingui shab le from the underlying y matrix, as a result of their coarsening upon prolonged 
thermal exposure. The microstructure of the IDZ, shown in greater detai l on figure 7. 10 c), 
was very similar to that previously observed within the other AMDRY997IDCT6 systems 
the1ll1311y exposed at 850°C. Tt should be noted, however, that in DCT6 AS, the acicular Cr-
rich plates within the IDZ appeared to have thickened and lengthened compared to those 
al ready detected at shorter exposure times, which is consistent with previous work[77,86,881 
The microstructure of the bulk of the substrate in DCT6 AS also appeared very similar to that 
of DCT6 A4 with phase trans formations involvi ng carbide phases, as can be seen on fi gure 
7.10 d) . The EDX elemental maps presented on figure 7. 11 show that the di ffusional 
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behaviour of Cr and AI is also very similar to the DCT6-coated systems exposed at 8S0°C for 
shorter lengths of time. 
The results of the EDX analys is carTied out on the main phases of interest within the coating 
arld the IDZ are reported in tables 7. 14 aIld 7. IS . The chemical compositions of y arld y' in the 
coating agreed quite well with the resu lts of thermodynamic equilibrium calculations for this 
phase in AMDRY997 at 8S0°C (see figure 7.1 b) arld c)) . The AI and Ta concentrations in y' 
decreased when proceeding from the bulk of the coating towards the IDZ. This trend mirrored 
that observed in DCT6 A4, although in DCT6 AS the elemental concentrations of these two 
elements were lower as a result of enhanced diffusion. Ti was found to increase go ing from 
the coating towards the substrate, as in the other DCT6-coated samples discussed so far. It 
should be noted however that unlike the other samples, in DCT6 AS the Cr concentration ofy' 
in the bulk orthe coating (y' e) was almost the same as that of the IDZ counterpart (y';) , both in 
tum being significant ly lower thaIl that found in the y' rafts located underneath the coating 
(y's). The composition of the p phase detected in the coating agreed reasonably well with the 
thermodynamic equil ibrium predictions (see figure 7.1 d), and its AI level was, as expected, 
lower than that of the DCT6 A4 sarnple. 
The chemical composition of the M23C6 precipitates present within the IDZ, given in table 
7. IS, was very close to that of the DCT6 A4 saIllp le. Tab le 7. 16 presents the chemical 
composition ranges for the main phases present in the substrate of DCT6 AS. The 
composition of y' in the substrate was found to be very simi lar to that of the y' rafted 
precipitates in the vicinity of the ODZ, but with lower levels of Ta, Cr aIld Co. It should be 
noted that the Ta concentration of MC appeared to be quite a bit lower than in DCT6 AI, A3 
and A4, with the oppos ite trend observed for Ti . 
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Figure 7.10 FEGSEM micrographs of AMDRY9971DCT6 thermally exposed at 85(/'C for 
5000 h, etched with H3P04 electrolytic etch, showing a), b) and c) coating, IDZ alld substrate 
regions, al1d d) bulk of substrate. 
a) 
c) 
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Figure 7.11 EDX elemental maps of a) the coatingllDZlsubstrate region in DCT6 A5 for b) AI 
and c) Cr. 
b) c) 
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Table 7.14 EDX analysis results for AMDR Y9971DCT6 thermally exposed at 85rfC for 5000 
h (refer to figures 7. 10 b) and c) - all concentrations in wt. %). 
Element Ye Y'e y'j y', B 
Ni 3 1.9 - 32.4 56.3 - 57.3 57.7 - 65.0 59.3 - 61.7 56.5 - 57.8 
AI 2.4 - 2.7 7.4 - 8.0 8.0 - 8.3 3.6 - 4.1 16.5 - 17.8 
Ti 0.0 - 0.1 0.2 - 0.3 0.8 - 3. 1 3.7 - 4.0 -
Cr 27.3 - 28. 1 4.9 - 6.3 3.5 - 5.8 9.7 - 11.3 6.9 - 7.8 
Co 34.6 - 35.5 14.2 - 14.3 14.1- 15.0 7.9 - 10.3 15.1 - 15.7 
Ta 0.7 - 1.8 13.7 - 15.0 4.3 - 11 .7 6.4 - 7.2 2.0 - 3. 1 
W - 0.1 - 0.3 0.7 - 0.9 3.8 - 3.9 -
Mo 0.0 - 0.2 0.2 - 0.5 0.5 - 0.8 1.6 - 1.7 -
Table 7.15 EDX analysis results for globular Mn C6 in IDZ of AMDRY9971DCT6 thermally 
exposed at 85rfCfor 5000 h (refer to figure 7.10 c)) - all concentrations in wt. %). 
Element M n C 6 (TDZ) 
Ni 13 .2 - 21.0 
AI 0.2 - 0.6 
Ti 0.2 - 0.5 
Cr 55. 1 - 69.7 
Co 4.6 - 7.9 
w 0.9 - 5.0 
Mo 0.8 - 3.0 
Ta 2.4 - 6.5 
Table 7.16 EDX analysis results for bulk of substrate in AMDRY9971DCT6 thermally exposed 
at 85rfC for 5000 h (all concel1lrations in wt. %). 
Element y' MC MnC6 
Ni 60.3 - 61.4 3.2 - 3.8 19.6 - 38.1 
AI 4.4 - 4.7 0.9 - 1.0 1.9 - 3.8 
Ti 4.3 - 4.5 18.9 - 20.7 3.3 - 17.4 
Cr 8.7 - 9.4 0.8 - 1.1 33 .6 - 59.4 
Co 7.7 - 8.2 0.6 - 0.9 2.4 - 4.5 
Mo !.7 - 1.8 2.0 - 2.1 1.6 - 4.0 
W 5.8 - 6. 1 5.5 - 6.5 1.1 - 9.0 
Ta 5.3 - 5.7 65.8 - 66.3 5.6 - 27.2 
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7.5. 1.5 Thermal Exposure of AMDRY9971DCT6 ac850"Cfor 10,000 h 
SEM micrographs are presented in figures 7.12 a) to d), which illustrate features of the oxide 
and the oxidation affected zone, the bulk of the coating, the IDZ and the bulk of the substrate 
respecti vely in the AMDRY997fDCT6 system after isothennal exposure at 850°C for 
10,000 h. EDX maps, showing elemental di stributions in some of these critical areas fo llow in 
fi gure 7.13. Figure 7. 12 a) shows the microstructure of the extel11al scale, mainly consisted o f 
AI-rich ox ide, presumably AbO], wi th an overall average thickness of approximately 6-7 flm. 
Fine precipitates, with a very bright appearance in back scatter imaging mode, and containing 
up to 70 wt. % Ta as well as smaller amounts of Y, were detected within the oxide scale. 
Furthel1110re, figure 7.12 a) also shows the presence of an outer Cr-rich oxide layer, which 
contained up to 50 wl. % Cr. Its discontinuous and fragmented occurrence within the whole 
scale wou ld suggest that its f0l111ation might have arisen after the spallation of pre-existing 
AI20 J. 
Ti-rich oxide particles, which also contained Ta, AI and Y, were observed at the ox ide/coating 
interface, hence indicating that Ti diffusion from the substrate through the whole coating had 
taken place at this stage. [n figure 7. 12 a) it is also possible to observe the presence of some 
blocky and coarse y' precipitates (up to 5 flm in size) which were only detected in the region 
within approximately 20 flm from the oxide/coating interface. In the bulk of the coating most 
y' particles were instead 1-2 flm in size, as shown on figure 7. 12 b) . The p phase wi th an 
average size of about 2 flm was only present within the bulk of the coating, hence confirming 
that its depletion had occurred in the vicinity of the coating/ox ide interface and also towards 
the coating/substrate interface (see also figure 7. 12 b», as observed at shorter exposure times 
for 850°C. 
Figure 7.1 2 c) illustrates the microstructure of the IDZ across the coating/substrate interface 
which displayed microstructural features very similar to those found in DCT6 AS, i.e. after 
5000 h exposure at 850°C (see figure 7.1 0 c», hence the san1e considerations apply. 111 this 
sample, however, the Cr-rich acicular precipitates present in the IDZ had further th ickened 
and lengthened, hence allowing for the EDX analys is to be perfonned with reasonab le 
accuracy. The detection of C peaks, coupled with the presence of other alloying elements such 
as Mo, Wand Co, wo uld suggest that these ac icular formations could be M23C6 carbides. As 
J7 J 
previously discussed in 7.4. 1, they might have originated by the C-enrichment of the 
metastable Cl" phase, initially present in that region in the form of needle- li ke prec ipitates . In 
addition to the quantitative chemical analysis performed during this study, it is believed that 
the determination of crystal structure wou ld be required to conclusively identify such Cr-rich 
phases. Figure 7.1 2 d) refers to the bulk of the substrate and shows the mi crostructure of y'. It 
was evident that the y' cuboids had started to coarsen and coalesce, as expected due to 
prolonged exposure at high temperature. 
Tables 7.17 and 7.1 8 present the results of EDX analyses carried out on the main phases and 
regions of interest within the oxidation affected zone, the bulk of the coating and the IDZ of 
DCT6 A6. The compositional trends reported for y' in table 7. 17 confirmed the tendency of AI 
to diffuse towards the oxide/coating interface and towards the substrate. Indeed, the AI 
content of y' within the bulk of the coating (i.e. y' c) was greater than that detected within the 
oxidation-affected zone (i .e. lod.), as well as in the IDZ (i.e. y'adj ;dz and y';) and the substrate 
layer underneath it (i. e. y',) . The data in table 7. 17 also indicated that Ti was diffusing in a 
si milar manner to the previous samples and fu rthenno re, it wou ld also appear that both the 
region adjacent to the oxide scale and the one in the vicin ity of the IDZ become enriched in 
Ta. 
The compositional values in tables 7. 17 and 7.1 8 relating to Cr, in both y' and y, indicated that 
thi s element had diffused from the coating towards the parent materia l, as often assumed in a 
number of oxidation di ffusion-based models (see chapter 8). It should be noted a lso that the 
levels of AI, Cr and Ta in part-icu lar with in the coating and the IDZ region in DCT6 A6 were 
generall y quite higher than their DCT6 AS counterparts, which requires further investigation. 
In this sample, unlike in DCT6 AS, no Wand Mo were detected within y' in the coating 
region, and only small amounts of Mo were found within Ye- In DCT6 A6 fo r the first time at 
thi s temperature small concentrations of Y were found wi thin both y' and y located in the 
vicinity of the ox ide scale and in the bulk of the coating. As discussed in chapter 2, the 
diffusional behaviour ofY is not yet fu lly understood in the li terature. Little difference was 
observed in the chemical composition of the ~ phase compared with the DCT6 AS . 
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The chemical composition of y' in the bulk of the substrate, reported in table 7.19, was very 
similar to that of the y' rafted precipitates present in the vicinity of the IDZ (i.e. y's), with 
regard to the main phase-stabilising elements, i.e. AI, Ta and Ti. On the other hand, the Cr 
and Co level of y's were, as expected, greater than those found in the bulk of the substrate. 
Furthermore, the AI and Ti concentrations of y' in the bulk of the substrate, presented in table 
7. 19, were very close to those found in the DCT6 A5 counterpart, but the Ta level after 
10,000 h exposure at 850°C was signi ficantly greater than that detected after 5000 h. The 
latter observation mirrors the differences in the Ta concentrations of phases within coating 
and IDZ ofDCT6 A5 and A6. 
The chem ical composition of the MC phase was very close to that of the DCT6 A5 
counterpart, especially in tem1S of Ta and Ti concentrations. The EDX results obtained for the 
M23C6 phase in the bulk of the substrate and for the acicular M2JC6 precipitates in the IDZ are 
thought to have both been affected to a certain extent by the electron beam interference with 
surrounding phases, such as MC and y'. However, the Cr, Mo and W levels detected within 
the globular M2JC6 present in the IDZ were higher and in better agreement with the 
thermodynamic equilibrium predictions compared to those of the other two types of M2J C6 
reported in table 7.19. 
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Figure 7.12 FEGSEM m.icrographs of AMDRY9971DCT6 thermally exposed at 85rJ'C for 
10,000 h, etched with H3P04 electrolytic etch, showing a), b) and c) coating, IDZ and 
substrate regions, and d) bulk of substrate. 
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Table 7.17 EDX analysis results for y' in coating of AMDR Y9971DCT6 thermally exposed at 
85(fC for J 0,000 h (refer to figures 7. J 2 a), b) and c) - all concentrations in wt. %). * 
Element y'od' y'e y' ad· idz y'; y', 
Ni 51.7 - 56.4 51.8 - 53.4 55.2 - 58.6 61.7 - 62.8 61.3 - 62.0 
AI 6.7 - 7.7 7.8 - 10.6 7.0 - 7.6 7.3 - 7.6 4.3 - 5.2 
Ti 0.2 - 0.4 0.3 - 0.5 0.7 - 3.0 1.6 - 2.7 3.3 - 4.4 
Cr 5.9 - 9.4 6.8 - 10.5 5.1 - 7.0 3.3 - 4. 1 8. 1- 9.2 
Co 14.0 - 16.6 15 .0 - 18.5 13.0 - 14.8 12.8 - 13.3 7. 1 - 8.3 
Ta 14.3 - 15.2 7.0 - 12.9 14.0 - 14.6 9.2 - 11.1 8.4 - 10.0 
W - - - 0.2 - 2.0 2.0 - 2.6 
Mo - - - 0.4 - 0.7 1.6 - 1.9 
Y 0.7 - 0.9 0.6 - 1.0 - - -
Table 7.18 EDX analysis results for coating phases in AMDRY9971DCT6 thermally exposed 
al 85(fC for 10,000 h (refer to figures 7. 12 a), b) and c) - all concentrations in wt. %). * 
Element Yod. Ye P 
Ni 32.4 - 32.5 37.2 - 39.0 52.1 - 59.1 
A I 2.2 - 2.8 3.0 - 3.3 14.5 - 17.9 
Ti 0.2 - 0.5 0.1 - 0.2 0.1 - 0. 5 
Cr 27.7 - 28.3 22 .5 - 24.0 5.8 - 9.8 
Co 33.5 - 34.8 30.3 - 30.8 13.8 - 18.6 
Mo - 0.2 - 0.4 0.1 - 0.4 
Ta 1.9 - 2.4 3.9 - 4.7 3. 1 - 6.0 
Y 0.3 - 0.7 0 - 0.3 0.2 - 1.6 
Table 7.19 EDX analysis resulls for bulk of substrate and for M2]C6 in IDZ 1II 
AMDRY9971DCT6 thermally exposed at 85(fC for J 0,000 h (all concentrations in wt. %). 
Element y' MC 
Ni 62.8 - 62.9 6.3 - 4.1 
AI 4.2 - 4.6 1.2 - 1.0 
Ti 5.1 - 5.2 18 .8 - 22 .7 
Cr 6.4 - 6.9 1.0 - 1.4 
Co 6.3 - 6.6 0.7 - 0.9 
Mo 1.2 - 1.3 1.6 - 2.7 
W 1.6 - 2.0 2.3 - 5.9 
Ta 11.0 - 11.9 62 .9 - 66.8 
* odz: within 20-30 J.Ull f rom oxideicoatillg ill/el/ ace; 
c: within coating bulk; 
adj hlz: wirhill 15-20 IUIl ji-omIDZ; 
i: withill IDZ; 
s: with ill rafting zone underneath IDZ. 
MnC6 M23C6 M 23C6 (lDZ-globular) (IDZ-acicular) 
27.2 - 43 .3 13. 1- 26.1 28.4 - 3 1.8 
1.3 - 2.4 0.2 - 2. 1 1.7 - 3.2 
3.8 - 4.3 1.2 - 1.4 2.6 - 3.2 
25.5 - 37.2 51.9 - 72.4 42.0 - 51.3 
4.0 - 9.5 4.9 - 9. 1 4.7 - 19.7 
2.0 - 3.5 1.0 - 5.4 3.3 - 5.4 
2.4 - 3.7 1.6 - 8.3 6.6 - 6.9 
11.9 - 23 .0 1.3 - 5.3 2.4 - 5.4 
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7.5.1.6 Summary oJ Main Microstructural Observations Jor the AMDRY9971DCT6 System 
Thermally Exposed at 850"C 
The main microstructural observations for the AMDRY997IDCT6 system after isothennal 
exposure at 850°C for up to 10,000 h can be summarised as follows: 
• an oxide scale mainly constituted of AI-rich oxide, presumably A120 3, with a thickness 
which increased with time. At increasing exposure times, the scale also became gradually 
enriched in other alloying elements such as Ta, Cr, Y and Ti; 
• the bulk of the coating in all of the samples investigated comprised of~ , y and y'; 
• transformation of ~ into y' was already visible after 2000 h exposure, and its depletion in 
the ODZ and IDZ became more evident and enhanced with increasing exposure time as a 
result of AI diffusion; 
• after 5000 and 10,000 h, large y' particles were present within the ~-dep leted layer in the 
vicinity of the oxide/coating interface; 
• globular Cr-rich precipitates, also containing C, W and Mo, were detected within the IDZ 
and identified as possible M23C6; 
• a continuous y' enriched layer developed after only 200 h within the IDZ as a result of AI 
diffusion towards the parent material and got thicker with increasing exposure time; 
• Cr-rich acicular phases, also containing Mo and W, fonned within the y'-enriched layer 
underneath the coating; their thickness and length increased with time and after 10,000 h 
they appeared to contain C, hence thought to be possibly M 23C6 wh.ich might have 
evolved from metastable Cf needles ; 
• y' rafting behaviour parallel to the coatinglsubstrate interface was observed at all exposure 
times considered. 
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7.5.2 Microstrllctllre of AMDR Y99 71DCT6 System Thermally Exposed at 95(/'C 
7.5.2.1 Thermal Exposure of AMDR Y9971DCT6 at 95(/'Cfor 200 h 
Figures 7.14 and 7. 15 respecti vely show FEGSEM images and relevant EDX elemental maps 
gathered in the AMDRY997IDCT6 system isothennall y exposed at 950°C for 200 h. Figure 
7. 14 a) shows the ox idation-affected region in the A..i\llDRY997IDCT6 system after 200 h 
exposure at 950°C. The oxide scale consisted of AI-rich oxide, presumably AbO), with an 
average thickness of approximate ly 4.5 flm, hence greater than that of the DCT6 A I sample, 
themlally exposed for the sanle length of time at 850°C. y' precipitates, with various sizes, 
were dispersed in a y matrix within the l3-depleted layer adjacent to the ox ide/coating 
interface. The occurrence of l3 -depletion and the presence of Ta-rich parti cles, i.e. y', was also 
confi rmed by the EOX e lemental maps which are shown in figure 7. 15. 
The bulk of the coating comprised of 13 precipi tates and very small y' particles in a y matrix. It 
should be noted that the y' precipitates present within the coating bu lk and the IDZ di splayed 
a much more unifonn size di stribution that that encountered within the OOZ (see fi gures 7.1 4 
a) and b)) . The microstructure of the IDZ and substrate region underneath the coating are 
shown on fi gure 7.14 b), where it is possible to observe the occun ence o f microstructural 
fea tllres similar to those encountered in the DCT6-coated samples exposed at 850°C (see 
section 7.4.1). In deed , a y'-enri ched layer with an irregular morpho logy was observed in the 
IDZ, where also globu lar Cr-rich parti cles were present. These precipitates, which also 
contained C, Wand Mo, were identifi ed as M2JC6. 
It should be noted, however that in DCT6 C I the vo lume fraction of ac icular Cr-rich 
precipitates detected in the IDZ appeared to be much less signifi cant compared to that of the 
DCT6 samples exposed at 850°C. Furthennore, the y' rafting behavio ur typica lly encountered 
in the substrate layer underneath the coating withi n all other AMDRY997/0 CT6 samples 
previously discussed was much less pronounced in th is case. F igure 7. 14 c) refers to the bulk 
of the substrate in OCT6 Cl , and shows a regular y' cuboidal structure which surrounded an 
MC carbide. The latter had probably nuc leated off the AI-rich ox ide present within it, and had 
already started to disso lve into M2JC6, v isib le in very small proportions around the Ta-Ti rich 
carbide. 
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The resu lts of the EDX analyses carried out on the main coating and substrate phases are 
reported in tables 7.20 and 7.21 respectively. The chemical composition of the main coating 
phases, i.e. y, y'c and ~ , were in reasonably good agreement wi th thermodynamic equilibrium 
predictions fo r AMDRY997 at 950°C, with the exception of the Cr measured with in y'c in the 
bul k of the coating which appeared to be higher. The variations in chemical composition for y' 
across the coating and IDZ with respect to the main phase-stabili sing elements were similar to 
those prev iously observed on all other DCT6-coated samples analysed. The max imum leve l 
of Cr detected in M23C6 wi thi n the IDZ was signi fi cant ly greater than that expected at 
equilibrium for thi s phase in the parent materials at 950°C, and thi s is thought to be a 
consequence ofCr diffusion from the coating towards the substrate. 
The Ta level o f y' in the bulk of the substTate was greater than that predicted at equilibrilU11 for 
DCT6 at 950°C, however the measured concentTation of all other mai n alloyi ng elements 
appeared to be in good agreement with thermodynamic equilibrium calculations. It should 
also be noted that the Ta concentration measured in y' within the substrate of DCT6 C I was 
greater than that of the DCT6 AI counterpart, and the opposite trend was observed for Ti in 
MC. 
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Figure 7.14 FEGSEM micrographs of AMDR Y99 71DCT6 thermally exposed at 95(/'C for 200 11. etched with J-I]P04 electrolytic etch, showillg a) 
alld b) coating. IDZ alld substrate regiolls. alld c) bulk of substrate. 
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Figure 7.15 EDX elemelltaimaps of a) the oxidatioll-affected zOlle ill DCT6 Cl for b) Ai c) Ta. 
a) b) c) 
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Table 7.20 EDX analysis results for AMDRY9971DCT6 thermally exposed at 95rfC for 200 h 
(refer to figures 7.14 a) and b} - all concentrations in wt. %). 
Element Ye y'e y'j 1', f3 M 23C6 (roZ) 
Ni 35.7 - 39.3 5 J.3 - 57.2 50.0 - 57.3 63. 1 - 64.5 56.9 - 58.3 20.5 - 26.5 
AI 2.6 - 7.6 6.7 - 7.7 6.4 - 7.7 5.0 - 5.7 16.9 17.5 2.5 - 3.1 
Ti 0. 1 - 0.2 0.2 - 0.3 1.0 - 2.8 4.8 - 5.0 - 1.0 - J.7 
Cr 20.1 - 24.6 5.6 - 8.2 10.1- 13.8 10.0 - 11.0 6.4 - 7.2 42.5 85.3 
Co 26.3 - 30.7 14.4 - 16.9 11.0 - 17.0 6.0 - 6.7 15.5 - 16.2 6.7 - 11.4 
Ta 2.5 - 5.2 16.0 - 18.2 5.0 - 14.6 5.3 - 6.2 1.6 - 2.8 4.0 - 6.9 
W - - 0.9 - 3.0 3.0 - 3.7 - 5.4 - 10.8 
Mo - - - 0. 1 - 0.3 - 2.1 - 5.5 
Table 7.21 EDX analysis results for bulk ofsubstrate in AMDRY9971DCT6 thermally exposed 
at 95rfCfor 200 h (all concentrations ill wt.%). 
Element y' MC M23C6 
Ni 63.4 - 63.5 3.8 - 7.5 22.8 - 45 .2 
Al 5.3 - 5.9 0.9 - 1.2 0.2 - 1.4 
Ti 4.6 - 4.7 16.3 - 19.4 1.2 - 4.1 
Cr 6.9 - 7.4 1.0 - 2.1 23.5 - 58.7 
Co 7.2 - 7.3 0.6 - 1.8 1.9 - 3.7 
Mo 0.4 - 1.3 1.9 - 2.3 2.5 - 10.5 
W 3.3 - 3.8 0.0 - 0.1 0.2 - 2.0 
Ta 11.8 - 12.4 66.9 - 77.6 12.3 - 19.2 
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7.5.2.2 Thermal Exposure of AMDRY9971DCT6 at 95(/'Cfor 1000 h 
Figure 7. 16 a) and at a greater magnification in 7. 16 b) show that, the ox ide scale within 
DCT6 C3 mainly comprised of AI-rich oxide, presumably AI20 ], but it also contained regions 
rich in Ta and Y, as well as Cr, Co and i. This would suggest that at thi s stage the di ffusion 
of other alloying elements towards the oxide scale had started to take place, in addition to that 
of AI. It is worth noting that the presence of a mixed oxide scale had already been observed 
within some of the DCT6-coated samples exposed at 850°C for 5000 h or longer. The oxide 
scale in DCT6 C3 had an average thickness of approximately 6.2 f.un, hence greater than that 
of DCT6 C I and of the DCT6 counterpart thermally exposed for the same length of time at 
850°C. 
The presence of a conti nuous prec ipitate-free y layer was observed, adjacent to the external 
ox ide scale, as shown in figures 7. 16 a) and b). y' precipitates, wi th various sizes and 
morphologies, were di spersed in a y matrix throughout the entire coating region, within which 
no ~ was detected. The absence of ~ within the coating in thi s sample is not consistent with 
other samples and therefore it was thought, that thi s might be related to the non-uni fonnity of 
the initi al coating thickness, which certainly had an effect on the kineti cs of ox idation and 
phase transfonnation dur ing thennal exposure. 
The microstructure of the IDZ, as shown in fi gures 7. 16 a) and c) appeared very similar to 
that of the DCT6-coated sample exposed at the same temperature for 200 h, described in 
7.4.2. 1, hence the same comments apply. It should be noted that in DCT6 C3 no Cr-ri ch 
acicular precipitates were detected with in the IDZ, as opposed to what was observed in all of 
the DCT6-coated samples thennally exposed at 850°C. Furthermore, in the substrate region 
underneath the IDZ, several MC precipitates were present and appeared smaller than those 
prev iously encountered in DCT6 C l. This might also be due to their di ssolution into lower 
carbides, which is more enhanced in thi s sample as a result of longer thermal exposure. Figure 
7. 16 d) shows the presence of small prec ipitates in the IDZ, contai ning up to 17 wt.% Ta, 38 
wt.% Ti , 14 wt.% Cr and 16 wt.% Co, as well as C, as shown on the EDX spectrum on figure 
7. 16 e). Similar microstructural features have been observed elsewhere, but they did not 
contain C[82J . The microstructure of the bulk of the parent material, shown on figu re 7. 16 I), 
was very similar to that of the DCT6 C l sample. 
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The results of EDX analysis carri ed out on the main coating as well as substrate phases are 
reported in tables 7.22 and 7.23 respecti vely. The Cr and Co levels in y within the coating 
were lower than those found after 200 h exposure at thi s temperature, probably a lso as a result 
of the diffusional transport of these elements towards both the oxide scale and the substrate. 
Furthermo re, the Cr and Co concentrations measured in y were lower than those predicted at 
equilibrium fo r AMDRY997 at 950°C. There were no significant differences in the chemical 
composition o f y' present in the coating and in the IDZ, with the exception o f Ta which 
appeared to be higher within the IDZ. The AI concentrati on of y' within the coating of DCT6 
C3 was lower in DCT6 C l , whjl st the opposite trend was observed for Ta with regard to y' in 
the rDZ of these two samples. 
The chem ical composi ti on ofy' in the bulk o f the substrate, reported in table 7.23, was in very 
good agreement w ith theml0dynamic equili brium predicti ons, as was that o f MC if compared 
to the chemica l composition predicted fo r thi s phase at 970°C. It should be noted that 970°C 
was indeed the minimum temperature at which MC was predicted to be thermodynamically 
stable at equilibrium within DCT6, as shown on fi gure 6. 1. The W concentration detected 
with in the M23 C6 present in the bul k of the substrate was qu ite higher than that predicted at 
equi li brium, whilst reasonably good agreement was found fo r Cr and Mo. 
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Figure 7. 16 FEGSEM micrographs of AMDRY9971DCT6 thermally exposed at 95if'C f or 
1000 11, etched with H3P04 electrolytic etch, showing a), b) c) and d) coating, IDZ and 
substrate, and j) bulk of substrate; e) typical EDX spectrum of Ti-Ta-Ct'-rich particles in IDZ. 
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Table 7.22 EDX analysis results for AMDR Y99 71DCT6 thermally exposed at 95(/C for 1000 
h (refer 10 figures 7. 16 a) to cl)) - all concentratiolls in wt. %). 
Element Ye y'e 1'; MnC6 (TDZ) 
Ni 46.5 - 48.2 56.7 - 58.0 50.0 - 57.3 14.9 - 16.0 
AI 2.1 - 2.8 6.4 - 6.9 6. 1 - 6.2 1.0 - 1.2 
Ti 0.2 - 0.3 0.2 - 0.3 0.2 - 0.4 0.4 - 0.5 
Cr 19.4 - 19.7 5.8 - 6.8 3.5 - 5.2 64.7 - 68. 1 
Co ?3.? - ?3.8 12.1 - 12.6 8.7 - 10.4 5.8 - 6.3 
Ta 5.2 - 6.0 15.4 - 15.8 18.7 - 22.0 3.4 - 4.2 
W - - 0.4 - 2.6 6.0 - 7.3 
Mo 0.9 - 1.3 0.3 - 0.7 0.5 - 0.7 2.9 - 4.2 
Y 0.2 - 0.7 0.4 - 0.9 - -
Table 7.23 EDX analysis results for bulk of substrate in AMDRY9971DCT6 thermally exposed 
at 95(/'C for 1000 h (all concemratiol1s in wt. %). 
Element y' MC MnC6 
Ni 68 .3 - 68 .7 4.2 - 4.9 6.9 - 7.3 
AI 5.3 - 5.5 l.l - I.4 0.4 - 1.3 
Ti 5.7 - 6.2 21.6 - 23 .0 2.9 - 4.7 
Cr 2.3 - 2.4 0.8 - 1.I 68 .8 - 70.6 
Co 4.9 - 5.2 0.5 - 0.9 1.9 - 2.2 
Mo 0.6 - 0.7 2. 0 - 2.2 7.8 - 8.4 
W 2.2 - 3.3 - 10.6 - 11. 1 
Ta 9.3 - 10.0 69.7 - 70.5 0.7 - 2.0 
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7.5.2.3 Thermal Exposure a/ AMDRY9971DCT6 at 95iJ'C/or 5000 h 
Figures 7.17 a) to d) show the microstructure of the entire coating region, in add ition to the 
oxidation-affected zone, the IDZ and the layer o f parent materi al underneath the coating in the 
AMDRY997fDCT6 system after isothernlal exposure at 950°C fo r 5000 h. The 
microstructural features observed within this sample were very sim ilar to those encountered in 
the DCT6-coated system after exposure at 950°C for 1000 h, i.e. DCT6 C3. Therefo re, the 
same comments apply here with regard to the presence of a mixed oxide sca le, the continuous 
precipitates-free y layer adjacent to the scale and the y' particles with variab le size p resent 
within the coating. However, in thi s sample the ~ phase was present, but onl y within a small 
portion of the bu lk o f the coating due to the enhanced depletion o f the Ni Al precipitates 
tak ing place towards the O DZ and IDZ upon thermal exposure. 
The microstTucture of the IDZ, shown in fi gure 7. 17 d), was also very simi lar to that o f the 
DCT6 C3 counterpart . It should be noted, however, that the M23C6 detected within thi s region 
were in some cases characteri sed by a very regular morphology, with a plate- like secti on, not 
encountered prev iously. Furthernlore, y' rafting was observed in the parent materi al 
underneath the coating, similarly to that previously seen in all the DCT6-coated samples 
therma ll y exposed at 850°C. The microstructure of the substrate material is shown on figures 
7.17 e) and f) . The di sso lu tion o f MC into M 2J C6 within a y' enve lope appeared more 
enhanced than in previo us samples, due to the more pro longed thermal exposure. 
Additionally, as can be seen on figure 7. 17 f) , the morphology of the y' precipitates suggested 
that coarsening and coalescence with neighbouring particles had taken place. 
The EDX e lemental maps gathered wi thin the ox idation-affected region of DCT6 C5, shown 
on figure 7. 18, provided evidence of the diffusion of Y, Ti and Ta towards the ox ide sca le. Y 
was indeed detected througho ut the scale, whi lst Ti appeared to have preferenti all y segregated 
towards the inner region of the ox ide, where its presence seemed to be associated to that of 
Ta. Figure 7. 19 refers to the portion of the system across the IDZ, and mainly provided 
evidence of the dissolution ofTa-Ti rich MC carbides into Cr-ri ch carbides, here identifi ed as 
Mn C6. 
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The data reported in table 7.24 show that no variation was observed in the chemical 
composition of y moving from the coating towards the IDZ, with the exception of small 
amounts of Wand Mo which were only detected within the interdiffusion region (see Ye and 
y,). The EDX results gathered from the y' phase across the coating, IDZ and substrate region 
underneath the coating are also presented in table 7.24, and they showed a very similar trend 
to that previously observed. Furthermore, good agreement was found between measured and 
predicted elemental concentrations in the y' and the ~ phase in the coating. It should also be 
noted that there was not a significant di fference between the AI level in ~ within this sample 
and that found in the DCT6 C l counterpart, hence after 200 h exposure at the same 
temperature. 
The chemical composition measured for y in the bu lk of the parent material , reported in table 
7.2S, agreed well with the results of thernl0dynamic equilibrium calculat ions, although the Cr 
level measured was quite lower than that expected at equilibrium for thi s phase. The chemical 
composition ofy' in the bulk of the substrate of DCT6 CS was vely close to that of the rafted 
precipitates present in the vicinity of the IDZ, presented in tab le 7.24, and to that of the 
DCT6 C3 counterpart. It was also in quite a good agreement with the results of 
thernlOd ynamic equilibrium predictions for y' at 9S0°C in AMDR Y997. The Ta and Ti 
concentrations within MC, on the other hand, were s lightly lower than those obtained for thi s 
carbide phase within the DCT6 C3 sample, but still in reasonable agreement with those 
predicted at equilibrium . 
The chemical composition of the M2JC6 phase presented in table 7.2S refers to the precipitates 
present within the IDZ as well as those found with in the bulk of the substrate, which indeed 
had very similar elemental concentrations. The chemical composition measured for M2JC6 in 
DCT6 CS was very close to that reported for the bulk of the substrate in DCT6 C3. 
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Figure 7. 1 7 FEGSEM micrographs of AMDRY9971DCT6 thermally exposed at 95(/'C for 
5000 h, etched wilh H3P04 electrolytic etch, showing a) , b), c) and d) coating, IDZ and 
substrate; e) and j) bulk of substrate. 
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Figure 7.18 EDX elelllelllallllaps of a) the oxidatioll-affected zOlle ill DCT6 C5 for b) Y, c) Ta alld cO Ti. 
a) b) c) (/) 
Figure 7.19 EDX elelllelltallllops of a) the coatillg/IDV sllbslrale regioll ill DCT6 C5 for b) Ta, c) Ti, alld d) Cr. 
a) b) c) d) 
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Table 7.24 EDX analysis results for AMDRY9971DCT6 thermally exposed at 95rJ'C for 5000 
h (refer to figures 7. 17 a) to d) - all concentrations in wt. %). 
Element Ye Yj y'e y'j y' .• ~ 
Ni 39.8 - 40.0 40.6 - 49.4 58.6 - 58.9 60.0 - 60.6 65 .6 - 65 .9 59.4 - 60. 1 
AI 3.8 - 3.9 0.6 - 3.8 8.2 - 8.3 7.9 - 8.1 5.5 - 6.2 17.6 - 18.0 
Ti 0.2 - 0.3 0.2 - 0.8 0.9 - 1. 1 1. 1 - 1.4 5.0 - 5.3 -
Cr 24.2 - 24.5 13.0 - 24.6 6. 1 - 6.9 4.4 - 4.8 4.3 - 4.5 5.9 - 6.0 
Co 27.9 - 28.5 24.6 - 28.2 13 .6 - 14.4 13.0 - 13.6 7.3 - 7.5 13.1 - 13.2 
Ta 2.8 - 2.9 2.0 - 9.2 10.4 - 11.6 10.5 - 12.1 7.5 - 7.6 1.5 - 2.7 
W - 0.5 - 0.9 0.9 - 3.0 0.6 - 1.4 3. 1 - 3.3 -
Mo - 0.2 - 0.7 - 0.2 - 0.4 0.9 - 1.0 -
Y - - 0.4 - 0.5 - - -
Table 7.25 EDX analysis results for bulk of substrate in AMDRY9971DCT6 thermally exposed 
at 95rJ'C fo r 5000 h (a ll concentrations in. wt. %). 
Element 'I 'I' MC MnC6 
Ni 51.5 - 53.5 63.7 - 66.9 3.4 - 5.0 5.8 - 12.7 
AI 2.9 - 3.2 4 .7 - 5.5 1.2 - 1.3 -
Ti 1.8 - 2.5 4 .6 - 5.5 19.0 - 19.9 -
Cr 14.6 - 15.1 3.8 - 6.0 0.6 - 0.7 66.3 - 70.7 
Co 18.1 - 18.3 6.0 - 7.2 0.4 - 0.7 2.0 - 4.2 
Mo 1.3 - 2.0 0.7 - 1.2 2.0 - 2.2 5.3 - 7.7 
W 3.2 - 4.6 3.2 - 3.8 5.0 - 5.6 9.3 - 11.4 
Ta 2.8 - 3.2 7.1 - 8.6 62.5 - 67 .3 0.5 - 0.7 
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7.5.2.4 Thermal Exposure of AMDRY9971DCT6 at 95rJ'Cfor 10,000 h 
Figures 7.20 a) to d) show the microstructure of the coating, the IDZ and the parent material 
underneath the coating, within the AMDRY997!DCT6 system after isothennal exposure at 
9SO°C for 10,000 h. As can be seen in fi gure 7.20 b) , the external ox ide sca le presented 
similar characteri stics to those previously d iscussed for the other DCT6-coated samples 
thernlally exposed at 950°C, as well as the DCT6 counterpart heat treated for 10,000 h at 
8S0oC, i.e. DCT6 A6. Although no p phase was present within DCT6 C6, the average oxide 
thi ckness was approximately 10 Jlm. This value was greater than that found after 5000 h 
exposure at the same temperature, and at 850°C. This observation wou ld suggest that, as 
reported elsewherelS31, although P is thought to act as the AI-reservoir phase in the coating, the 
Al diffusional transport towards the coating surface could still be very significant even after 
NiAI has dissolved, hence enab ling the ox ide to grow further. This would also explain why in 
some diffusion-based models the coating li fe has been related to a criti cal Al content of the 
coating, rather than to the vo lume fraction of the p phase, as later di scussed in chapter 8. 
Figures 7.20 a) and b) show that in this sample a conti nuous precipitate-free y layer was 
present near the oxide/coating interface, however it was thicker than that found in the other 
DCT6-coated samples exposed at 950°C for shorter times. Furthernlore, figure 7.20 b) shows 
the presence of A I-Y oxide particles located well within the ODZ, as well as small 
precipitates which contained up to 40 wt.% Y, in add ition to smaller concentrations of Co, Cr 
and Ni, and occurred within the coating subsurface layer. The microstructure of the IDZ, 
shown on fi gu re 7.20 c), was very similar to that of DCT6 CS. Additionally, figure 7.20 d) 
refers to the interdi ffusio n region of thi s sample, showing Ta-Ti-Cr-rich precipitates similar to 
those previously observed within the IDZ of the DCT6-coated sample thermall y exposed at 
950°C but for 1000 h. Dissolution of MC to M23C6 could be seen within the IDZ and also in 
the bulk of the parent material , where both phases occurred within a y' envelo pe, as shown in 
fi gure 7.20 e) . Further evidence of this phase transfornlation involving the two carbide phases 
within the IDZ was provided by the results ofEDX elemental mapping shown on figure 7.2 1. 
The results of the EDX analyses performed on the various coating phases across the main 
regions of interest are repolted in tables 7.26 and 7.27. The data presented in table 7.26 and 
7.27 refer to the variation in the chemical composition of y and y' moving fro m the ox ide-
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affected region to the substrate layer underneath the coating. The trends obtained for both of 
these phases, particularly for the main diffusing elements such as AI, Cr and Ta, mirrored 
vety closely those previously described for the AMDRY997IDCT6 system thermally exposed 
at 8S0°C for 10,000 h. Compared to the DCT6 A6 sample, however, all elemental 
concentrations in DCT6 C6 were lower, givi ng ri se to less pronounced concentration 
gradients between the coating and the ODZ, as we ll as the coating and the parent materi a l. 
This behaviour was indeed expected as a consequence of the higher temperature of exposure 
in DCT6 C6 compared to that of DCT6 A6. 
The elemental concentrations within both y and y' in DCT6 C6, measured across the whole 
coating region and IDZ were, as expected, lower than those detected in DCT6 CS. Such 
compositional differences between DCT6 C6 and DCT6 C5, however, were less pronounced 
than those found wi th respect to DCT6 A6. Thi s would suggest that temperature perhaps 
played a more significant role than time in affecting the diffusional behaviour of the various 
elements and their resulting concentration gradients. It should also be noted that the 
concentrations measured for the mai n alloyi ng elements in both y and y' in the bulk of the 
coating of DCT6 C6 were lower than those predicted at equi librium. This is thought to be a 
result of the high-temperature diffusion taking place within the system as a function of time, 
which undoubtedly affected the elemental concentrations, but which was not accounted fo r by 
themlOdynamic equi librium calculations. 
The chemical compositions of the M2JC6 phase present in the IDZ and in the bulk of the 
substTate were vety similar, and both characterised by a greater Cr content than that of the 
DCT6 C5 counterpart. As previously observed in other DCT6-coated samples, the Cr 
concentration measured wi thin M2JC6 was greater than that predicted at equilibrium for this 
temperature, and th e opposite behaviour was observed wi th respect to Mo . The results of 
EDX analysis for MC, reported in table 7.28, were very similar to those obtained for DCT6 
C5. It was also observed that the Ta content ofy' in the bulk of the substrate was greater than 
that predicted at equilibrium for DCT6 at 950°C and also higher than that measured within 
DCT6 C5. Better agreement was found between the chemical composition measured for y in 
the bulk of the parent material (see table 7.28) and that predicted at equilibrium. 
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Figure 7.20 FEGSEM micrographs oJ AMDRY9971DCT6 thermally exposed at 95(/'C Jor 
10,000 h, etched with fhP04 electrolytic etch, showing a), b), c) and d) coating, IDZ and 
substrate; e) bulk oJ substrate. 
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Figure 7.21 EDX elemental maps of a) the coalinglIDZlsubstrate region in DCT6 C6 
for b) Ta, c) Ti, cl) Mo and e) Cr. 
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Table 7.26 EDX analysis results for y'in coating of AMDRY9971DCT6 thermally exposed at 
95(/'Cfor 10,000 h (refer to figures 7. 20 a), b) and c) - all concel1lrations in wt.%). * 
Element y' od· y'e y' ad· id .. y'; y's 
Ni 56.8 - 61.3 59.6 - 59.8 60.5 - 60.6 62. 1 - 62.7 64.1 - 64.4 
AI 6.2 - 6.7 7.0 - 7.1 6.8 - 7.0 6.7 - 7.0 5.5 - 5.7 
Ti 1.1 - 1.5 1.3 - 1.4 1.4 - 1.5 1.8 - 2.4 4 .5 - 4.7 
Cr 5.0 - 9.5 4.9 - 6.4 4.4 - 4.7 3.5 - 3.9 3.2 - 4.5 
Co 11.2 - 14.6 11.6 - 12.9 I 1.7 - 11.8 11.2 - 11.6 9.0 - 9.4 
Ta 10.9 - 13.9 11.4 - I 1.6 13 .8 - 14.1 11.0 - 12. 1 8.8 - 9.2 
W - - - 0.7 - 1.1 2.3 - 2.5 
Mo 0.4-0.5 0.4 - 0.7 0.4 - 0.5 0.4 - 0.9 0.7 - 0.8 
Y 0.3-0.5 0.3 - 0.6 0.2 - 0.5 0.4 - 0.6 0.2 - 0.5 
Table 7.27 EDX analysis results for coating phases in AMDRY9971DCT6 thermally exposed 
at 95(/'C for 10,000 h (refer to figures 7.20 a), b) and c) - all concentrations ill wt. %). * 
Element Yod. Ye M23C6 (roZ) 
Ni 43.3 - 43 .6 43. 8 - 44.1 7.8 - 8.9 
AI 3.3 - 3.5 3.0 - 3.2 0.5 - 1.0 
Ti 0.4 - 0.5 0.6 - 0.8 0.6 - 6.7 
e r 22 .0 - 22.2 21.1 - 21.3 64.8 - 73 .3 
Co 24.8 - 25.0 22.3 - 23.1 2.6 - 3.0 
Mo 0.8 0.9 1.5 1.6 6.8 - 6.9 
W 0.2 - 1.0 2.4 - 3.0 8.1 - 13.3 
Ta 4.1 - 4.4 3.7 - 3.8 0 - 1.5 
Y 0.6 - 0.7 0. 1 - 0.2 -
Table 7.28 EDX analysis resulls for bulk of subSlrale ill AMDR Y9971DCT6 thermally exposed 
at 95(/'Cfor 10,000 h (a ll concentrations in WI. %). 
Element y y' 
Ni 50.9 - 56.8 65.0 - 66.2 
AI 1.8 - 2.3 4.4 - 4.6 
Ti 2.1 - 3.4 5.0 - 5.3 
Cr 14.0 - 19.2 5.0 - 5.2 
Co 10.2 - 12.3 5.9 - 6.1 
Mo 2.4 - 3.0 0.8 - 0.9 
W 4.1 - 5.7 1.0 - 1.5 
Ta 5.1 - 6.7 11.7 - 12.0 
* odz: with i ll 20-30 ).On/rom oxide/coalillg ime/face; 
c: within coating bulk; 
odj idz: lVilhill /5-20 fOllji'Olll IDZ; 
i: withill IDZ; 
s: wilhin rafting zone underneath IDZ. 
MC M23C6 
2.1 - 4.2 6.5 - 8.9 
0.7 - 1.2 0.2 - 0.7 
18.6 - 20.9 0.6 - 2.0 
1.8 - 4.9 64.8 76.6 
0.6 - 1.2 1.3 - 1.8 
2.5 - 2.9 6.8 - 8.0 
3.1 - 6.2 8.1 11.0 
57.8 65.3 0 - 1.8 
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7.5.2.5 SummGlY 0/ Main Microstructural Observations/or the AMDRY9971DCT6 System 
Thermally Exposed at 95(/'C 
All comments made in section 7.4.1 for the AMDRY997fDCT6 samples themlally exposed at 
850°C are generall y applicable here, with particular reference to the microstructural evolution 
undergone by the oxide scale and the IDl . Additional microstructural observations which 
relate to the AMDRY997/DCT6 system thermally exposed at 950°C for up to 10,000 h can be 
summarised as fo llows: 
• a continuous prec ipitate-free y layer was observed in the oxidation-affected zone, even 
after 200 h exposure, and its thickness increased with time; 
• Y -rich particles were detected after 10,000 h in the region adjacent to the oxide scale, well 
within the coating; 
• y and y' were present in the coating region of a ll of the samples analysed and ~ was only 
observed after 200 h and 5000 h exposure; no ~- Ni AI precipitates were in fact detected in 
the DCT6-coated samples exposed at 950°C for 1000 and 10,000 h; 
• the Cr-rich precipitates which occurred within the IDl and in its vic inity, identified also 
in this case as possible M23C6, were no longer characterised by the acicular morphology 
encountered after 850°C exposure; in some cases they di splayed a rather regu lar 
rectangular shape; 
• small precipitates rich in Ti , Cr and Ta, also contain ing C, were present in the IDl of 
DCT6 C3 and C6. 
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7.5.3 Microstrllcture of AMDRY9971DCT6 System Thermally Exposed at lOO(/'C 
Only one of the AMDRY997/DCT6 samples themlally exposed at 1000°C was investigated in 
the course of thi s study, i.e. the one heat treated for 1000 h, di scussed in detail below. 
7. 5.3.1 Thermal Exposure of AMDRY9971DCT6 at 100(/'C for 1000 h 
The microstructure of the AMDRY997IDCT6 system after thennal exposure at 1000°C for 
1000 h is shown in figures 7.22 a) to d) . The coating and IDZ regions di splayed 
characteristics which were very similar to those previously observed within the DCT6 C3 and 
C5 samples, exposed at 950°C for 1000 and 5000 h respective ly. The same comments made in 
section 7.5.2.2 and 7.5 .2.3 can be therefore applied here, especiall y with regard to the 
presence ofa mi xed ox ide scale, of the y-Iayer in the oxidation-affected region, of the size and 
morphology of the y' in the whole coating. Although restricted to a very limited region of the 
coating, some Ni-oxide particles were observed on the surface of the coating, as can be seen 
on figure 7.22 b). Their occurrence right on the surface of the coating, together with their 
fragmented morphology would indicate that spall ation of the ori gina l AI-oxide scale 
previously present might have occlllTed, and the Ni-rich scale fornled subsequently. 
As shown in figure 7.22 c), very small MC precipitates were di spersed within the rafted y' 
region underneath the coating. Similar features were observed in the DCT6 C3 sample, also 
thermally exposed for 1000 h but at 950°C. Tt should be noted, however, that after 1000 h 
exposure at 1000°C, no M23C6 were visible within the IDZ or the bulk of the substrate, 
consistent with the predicted equ ilibrium themlodynamic stabili ty in DCT6. Figure 7.22 d) 
refers to the bulk of the parent material and provides evidence of the coarsening which y' 
precipitates had undergone as a result of high-temperature exposure. Figure 7.23 shows EDX 
elemental maps acquired wi thin the oxidation-affected region of the coating, prov iding further 
evidence of the presence of Ta and Y within the ex ternal ox ide scale and in its irnmediate 
vicini ty. 
The results of the EDX analysis perfornled on the coating and as substrate phases are reported 
in tables 7.29 and 7.30, respecti vely. The chemical composition measured for y w ithin the 
coating was close to that of the DCT6 C3 counterpart, and in reasonable agreement with 
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thermodynamic equilibrium predictions for AMDRY997 at 1000°C. The variation III 
elemental concentrations in y' across the coating and IDZ, reported in table 7.29, were 
characterised by similar trends to those previous ly described for all the other DCT6-coated 
samples therma lly exposed. The Ta content measured wi th in y' in the bulk of the coating was 
lower than that expected at themlodynamic equilibrium, and so was the AI concentration of~ . 
The chemical composi tions measured in y and y' present in the bulk of the substrate, presented 
in tab le 7.30, were both in very good agreement with the results of thermodynamic 
equi li brium calcu lations for DCT6 at 1000°C. T he Ta and Ti concentrations detected with in 
MC, on the other hand, were slightly higher and lower respectively than those predicted at 
equili brium for thi s phase in DCT6 at 1000°C. 
7.5.3.2 SummCllY oj Main Microstructural Observations jor the AMDRY9971DCT6 System 
Thermally Exposed at IOOrJ'C 
The main microstructural observations related to the AMDRY997IDCT6 system thermally 
exposed at 1000°C fo r 1000 h can be summarised as fo llows: 
• presence of Ni-oxide particles on the coating surface, which suggested possible spall ation 
of the AI-rich scale had occurred; 
• the bulk of the coating compri sed of y' precipitates, characterised by variable size and 
morphology, dispersed in a y matri x; a very small vo lume fraction of ~ was present within 
a central region of the coating; 
• very small MC precipitates occurred within the rafted y' region in the IDZ, underneath the 
coating; 
• MC was the only carbide phase present within the DCT6 D3 sample. 
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Figure 7.22 FEGSEM micrographs 01 AMDRY9971DCT6 thermally exposed at JOO(/'Clor 
/000 h, etched with Hj P04 electrolytic elch, showing a), b) and c) coaling, IDZ and substrate 
regions, and d) bulk 01 subslrale. 
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Table 7.29 EDX analysis results for AMDRY9971D CT6lhermally exposed at JOOifCfor 1000 
h (refer to figures 7.22 a) to c) - all concentrations in wt. %). 
Element Ye y' e y'i y's 13 
Ni 44.7 - 44.9 57.3 - 58.0 55.8 - 58.3 57.3 - 64.6 58.9 - 59.9 
AI 4.8 - 4.9 7.4 - 7.6 7.5 - 7.7 6.9 - 7.3 15.8 16.4 
Ti 0.3 - 0.4 l.1 - 1.4 0.9 - l.1 1.3 - 3.6 0.4 - 0.5 
Cr 19.7 - 20. 1 4.6 - 4.8 5.6 - 7.7 4.8 - 6.6 6.4 - 6.9 
Co 25.4 - 25.7 13.9 - 14.1 14.7 - 16.4 10.5 - 15.3 14.5 - 14.6 
Ta l.9 - 2.0 1l.2 - I l.6 9.5 - 10.6 8.3 - 9.8 0.8 - 1.3 
W - - - - -
Mo 0.3 - 0.5 - 0.3 - 0.5 0.6 - 0.7 -
Y 0.1 - 0.2 0.5 - 0.6 - - -
Table 7.30 EDX allalysis reslliLs for bulk of substrate ill AMDR Y99 71DCT6 thermally exposed 
allOOifCfor 1000 h (all concentratiolls in wt. %) . 
Element y y' MC 
Ni 53.0 - 53 .2 65.2 - 66.8 4.4 - 4.6 
Al 2.0 - 2. 1 4.7 - 5.0 0.7 - l.3 
Ti 2.0 - 2.1 5.5 - 5.7 18.1 - 18.7 
Cr 18.0 - 18.9 4.5 - 4.9 1.4 - l.5 
Co 1l.8 - 12.0 6.3 - 6.5 0.7 - 0.9 
Mo 3.8 - 3.9 1.1 - l.2 2.1 - 2.8 
W 5.9 - 6.1 4.4 - 4.8 5.3 - 6.2 
Ta 2.2 - 2.4 7.9 - 8.0 64.7 66.6 
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7.5.4 Microstructure of AMDRY9971DCT6 System Thermally Exposed at J05(/'C 
7.5.4.1 Thermal Exposure of AMDRY9971DCT6 at I05(/'Cfor 200 h 
The microstructure of the AMDRY997IDCT6 system after isothermal exposure at 1050°C for 
200 h is shown on figure 7.24. A mixed external scale, mainly constituted of AI-rich oxide, 
was present in the surface of the coating and had an average thickness of approx imately 10 
flm. The bulk of the coating mainly comprised of y, withi n which very coarse y' precipitates 
were present, as can be seen in figures 7.24 a) and b) . As a result of the enhanced l3-depletion 
during high-temperature exposure, only a rather small vo lume (Taction of NiAI precipitates 
was observed within a narrow portion of the bulk of the coating. The interd iffusion region, 
shown on figure 7.24 c), was characterised by the presence of small MC precipitates on a 
layer of rafted y' , simi lar to that observed in the majority of the themlall y exposed DCT6-
coated samples previously discussed. The bulk of the parent material showed evidence of y' 
coarsening which had started to take place, as can be seen by the irregular morphology of the 
y' precipitates. On figure 7.24 c) it is also possible to see an MC carbide with an Al-oxide 
particle within it, as typically encountered in all other DCT6 samples investigated. 
The chemical composition ofy measured across the entire coating in DCT6 El is reported in 
tab le 7.31. The Cr and Co levels within Ye were not in very good agreement with 
thermodynamic equi librium predictions, and nor was the Al concentration, which in fact 
appeared significantly higher than expected. The EDX results obtained from y' in the coating 
(i.e. y'e) agreed genera lly well with thermodynamic equilibrium predictions, although the Ta 
concentration measured was slightly higher than that predicted. The opposite behaviour was 
observed for to the 13 phase, which in fact was characterised by a much lower Ta 
concentration that that predicted at equilibrium. 
Compared to the y phase present in the coating, the y within the substrate material had, as 
expected, lower Cr and Co levels, with the opposite trend being observed for Wand Mo, 
which indeed were detected inside the coating as a result of high-temperature diffusional 
transport from the parent. The AI and Ta concentrations wi thin y' in the parent material were 
lower than those found in the coating as found in all other samples. Furthemlore, there was 
not a very good agreement between the chemical composition measured and predicted for y' 
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within the substrate or coating. The chemical composition obtained from the EDX analyses 
on MC was characteri sed by Ta and Ti concentrations higher and lower respectively than 
those predicted at equilibrium for DCT6 at 1050°C. Overall , the results of EDX analyses 
carried out on DCT6 E l would suggest that there was a Ta level sign ificantly higher than that 
detected in the DCT6-coated samples which were thermall y exposed at lower temperatures. It 
should be noted, however, that an increase in Ta concentration was indeed predicted to occur 
in they' phase at equilibrium, at temperatures above 850°C (see fi gure 7. 1). 
7.5.4.2 Thermal Exposure of AMDRY9971DCT6 at J05(/'Cjor 2000 h 
Figure 7.25 a) shows that, a mixed oxide scale, mainly constituted of AI -rich oxide, had 
fo rmed on the surface of the coating in the AMDRY997fDCT6 system after isothermal 
exposure at 1050°C for 2000 h. Its average thickness was approx imately 23 Jlm, hence 
significantly greater than that after 300 h in which small vo lume fractions of the AI -ri ch ~ 
phase were still present. The bulk of the coating comprised only of y, because the y' and the ~ 
phases had completely di ssolved by thi s stage. The morphology o f y' precipitates in the 
interdiffusion-affected zone, shown in fi gure 7.25 b), appeared irregular and coarse, hence 
rather di stinct from that of the substrate, which can be seen on fi gure 7.25 c). The only 
carbide phase observed within the bulk of the substrate was MC. 
The chemical compositions of the y phase in the coating and in the substrate mainly di ffered 
in respect of their Co and W concentrations, with all other elements being comparable. 
Furthermore, compared to the DCT6 E l sample, the measured composition of y in the coating 
differed only in the Al level, which was significantly lower, hence in better agreement with 
thennodynamic equilibrium predictions. The composition of y' in the bulk of the substrate 
was lower in Ta, compared to that present in the IDZ, with the opposite behaviour being 
observed for Ti and Cr. The chemical composition of MC was very similar to that of the 
DCT6 E I sample. It should be noted that the Ta concentration of y' in the substrate o f DCT6 
E4 was lower than that obtained for DCT6 E l , and therefore in better agreement with 
themlodynamic equilibrium predictions. 
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Figure 7.24 FEGSEM lIIicrographs of AMDRY997IDCT6therlllal(v exposed at 105rf'Cf or 200 h, etched with /-/j PO. electrolytic etch, showillg 
a) alld b) coatillg, IDZ alld substrate regions, and c) bulk of substrate. 
iI) b) COalillg c) 
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Figure 7.25 FEGSEM lIIicrographs of AMDRY9971DCT6therlllally e.>.]Josed at 105rf'C f or 2000 h, etched with /-/jPO. electro()ltic etch, showing 
a) and b) coating, IDZ alld substrate regions, and c) bulk of substrate. 
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Table 7.31 EDX analysis results for AMDRY9971DCT6 thermally exposed at 1 05(f'C for 200 
h (refer to figures 7.24 a) to c) - all con.centrations il1 wt. %). 
Element Ye Y'e B Y,ub y'sub MC 
Ni 43 .3 - 45 .0 45 .1 - 47. 1 57. 1 - 58.5 47.2 - 49.8 52.9 - 57.1 2.1 - 2.2 
AI 8.4 - 10.5 10.6 - 11.2 15 .8 - 17.1 5.2 - 6.8 7.4 - 8.6 0.9 - 1.0 
Ti 0.6 - 0.7 1.2 - 1.5 0.5 - 0.6 2.8 - 4.4 4.9 - 6.5 14.4 - 16.1 
Cr 18.0 - 18.5 5.3 - 5.5 7.6 - 9.0 10.5 - 12.9 3.2 - 7.6 0.5 - 0.6 
Co 20.5 - 20.9 I 1.2 - I 1.8 13.9 - 15.0 7.4 - 11.0 5.2 - 6.7 0.4 - 0.5 
Ta 2.8 - 7.9 20.7 - 22.8 1.9 - 2.3 8.7 - I 1.0 13.6 - 16.8 77.4 - 79.9 
W 0.6 - 1.5 - - 6.9 - 8.6 3.2 - 4.3 -
Mo 0.2 - 0.3 - - 2.9 - 4.7 0.6 - 1.8 1.8 - 2.4 
Y 0. 1 - 0.2 0.2 - 0.3 - - - -
Table 7.32 EDX analysis results for AMDRY9971DCT6 thermally exposed at 105(f'C for 2000 
h (refer to figures 7.25 a) to c) - all cOllcentra/iolls in wt.%). 
Element Ye y'; 'Y.wb y '.mb MC 
Ni 48.6 - 50.4 62.0 - 62.9 53 .2 - 58.9 62.5 - 62.7 1.9 - 2.0 
AI 2.9 - 3.1 5.3 - 5.4 2.9 - 3.9 5.4 - 5.8 l.l - 1.2 
Ti l.l - 1.2 3.3 - 3.6 2. 1 - 3.6 4. I - 4.6 16.4 - 17.3 
Cr 17.0 - 17.6 3.4 - 4.0 10.5 - 18.1 6. I - 6.3 0.5 - 0.7 
Co 19.9 - 20.2 10.2 - 10.6 9.9 - 13.0 7.8 - 8.7 0.3 - 0.5 
Ta 5.4 - 6.1 11.9 - 14.2 3. 1 - 6.2 8.9 - 9.2 76.0 - 78 .0 
W 2.0 - 2.2 l.l - 2. 1 5. 1 - 5.6 2.9 - 3.4 -
Mo 1.0 - 1.2 - 1.9 - 2. 1 0.6 - 0.9 1.8 - 2.4 
Y - - - - -
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7.5.4.3 Thermal Exposure of AMDRY9971DCT6 at 105(/'Cfor 5000 h 
The microstTucture of the AMDRY997!DCT6 system after isothermal exposure at 1050°C for 
5000 h, shown in figure 7.26, appeared rather similar. to that of the DCT6 E4 sample, 
previously descri bed, hence the same comments are generally applicable. However, as can be 
seen in figure 7.26 a), the oxide scale appeared to be di scontinuous and missing in some 
portions of the coating surface, suggesting that spallation might have taken place upon high-
temperature exposure. Unlike in the other DCT6-coated samples exposed at 1050°C for 
shorter ti mes, within th is one secondary y' precipitates were clearly visible throughout the 
whole coating region, as well as withi n the IDZ and the bulk of the parent materia l. The 
typical morpho logy and size of such secondary y' precipi tates is shown on figure 7.26 b). No 
EDX analyses were carried out on thi s sample, hence no information is available on the 
chemical composition of phases. 
7. 5.4.4 Thermal Exposure of A.MDRY997IDCT6 at 105(/'C for 10,000 h 
After 10,000 h exposure at 1050°C the average ox ide thickness on the coating surface of the 
AMDRY997fDCT6 system was approx imately 45 f1m . Figures 7.27 a) and b) show that, 
precipitates rich in Ta, Cr, Y and Ti were found within the oxide scale and on its inner edges, 
similar to that observed in all other DCT6-coated samples thennally exposed at this 
temperature, as well as in a number of the others exposed at lower temperatures. Y -ri ch 
particles, also contai ni ng up to 10 wt.% S, were seen on the oxide/coating interface and also 
within 40-50 pm from it, hence well inside the bulk of the coating, as shown in figure 7.27 b). 
This suggested that Y had diffused further away from the ox ide scale, and it was also able to 
trap S. The occurrence of particles contai ning both Y and S has also been reported elsewhere, 
where indeed Y has been defined as a ' S-trapper' , hence benefi cial to the coating[18.23] The 
microstructure of the coating was very similar to that of the DCT6 E5 sample previously 
di scussed, hence the same comments apply. Additionally, the presence of small Ta-Ti rich 
carbides was observed in the vicinity of the oxide!coating interface (see fi gure 7.27 b)) and 
towards the coatinglsubstTate IDZ. This confirmed that Ta, Ti and C were both able to di ffuse 
fro m the substrate up to the ilmer edge of the oxide. The diffusional transport of such 
elements through the coating is undesi rab le because Ta can form britt le intermetallic phases at 
the oxide/coating interface and Ti promotes the formation of Cr20 3, hence preventing the 
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protective acti on of the AI20 ] scale[42] The microstructure of the IDZ and the substrate were 
very similar to that of the DCT6 E5 sample, hence the same comments apply. 
Within thi s sample, unlike the others thermally exposed at thi s temperature for shorter times, 
the presence of rather large pores was detected, as shown in figure 7.27 a) and on a larger 
sca le on fi gure 7.28. Their occurrence where the ori ginal coatinglsubstrate interface was, 
would suggest that they might be Kirkenda ll vo ids. It has been reported that Kirkendall 
poros ity generall y develops at the interface between the coating and the substrate, as a result 
o f high-temperature exposure due to di ffusion o f alloyi ng elements and coalescence of 
vacancies[18.871. The elemental maps presented on fi gure 7.29 provide evidence o f the 
di ffusional behaviours of Ti and Y, which appeared very similar. The di ffusion of Ti , in 
pal1icul ar, was very signi fi cant at thi s stage, since thi s element had reached the oxide sca le, as 
can be seen on fi gure 7.29 b). 
The change in chemical composition ofy across the coating, the IDZ and the substrate showed 
a trend very similar to that described for the DCT6 A6 and C6 samples, but with 
concentration gradients wh ich were less pronounced due to the increased di ffusion distances 
caused by the increased time and temperature of exposure (table 7.33). There was not much 
di fference between the chemical composition of the coarse y' present within IDZ and the y' 
phase in the bulk of the parent material. The Ta concentration of MC was lower than that of 
the other DCT6-coated samples thermally exposed at l 050°C. A compari son between the 
measured chemical compositions of the vari ous phases and the results of thermodynamic 
equi librium calculations led to observations similar to those previously reported for the other 
DCT6-coated sampl es exposed at I050°C. 
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Figure 7.26 FEGSEM micrographs of AMDRY9971DCT61hermally exposed al 105rJ'Cfor 5000 h, etched with H3PO. electroly tic etch, showing 
a) alld b) coating, IDZ and substrate regions, alld c) bulk of substrate. 
a) b) c) 
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Figure 7,27 FEGSEM micrographs of AMDR Y99 71DCT6 thermally exposed at 105rJ'C for 10,000 h, etched witll H3PO. electrolytic etch, 
showillg a) alld b) coating, IDZ and substrate regions, al/d c) bulk of substrate. 
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Figure 7.28 Montage of optical micrographs of AMDRY997/DCT6 thermally exposed at 
105{/'C f or 10,000 h, etched with Hj P04 electrolytic etch, showing porosity at the 
coating/substrate interfa ce. 
Figure 7.29 £DX elemental maps of aJ whole coating region in DCT6 £6 f or b) Ti and c) Y. 
a) b) c) 
Substrate 
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Table 7.33 EDX analysis results for AMDRY9971DCT6 thermally exposed at 105(/'C for 
10,000 h (refer to figu res 7.27 a) to c) - all concentrations in wt. %). 
Element Ye Y; y'; Ysub y 'stlb MC 
Ni 49.8 - 50.8 53.3 - 53.7 64.2 - 65 .0 56.6 - 58 .0 65 .3 - 67.8 3.2 - 4.9 
AI 1.9 - 2.7 2.3 - 2.6 4.7 - 4.8 2.3 - 2.4 4.5 - 5.0 0.7 - 1. 1 
Ti 1.3 - 1.8 2.1- 2.2 5.6 - 5.7 2.5 - 3.3 6.0 - 6.1 18.4 - 19.6 
Cr 17.7 - 18. 1 16.3 - 17.1 2.7 - 2.8 14.0 - 15 .3 3.1- 3.3 0.8 - 1.3 
Co 16.4 - 18.7 13.5 - 14.1 7.3 - 7.8 9.9 - 11.6 5.9 - 6.1 0.8 - 1.0 
Ta 6.7 - 6.9 6.2 - 6.6 13.1 - 13.7 5.9 - 7.5 11.2 - 12.9 6 1.7 67.2 
W 0 - 2.2 3.0 - 3.8 0 - 0.1 3.5 - 3.8 0 - 1.7 5.4 - 7.2 
Mo 1.4 - 2.0 1.8 - 2.0 0.4 - 0.6 2.3 - 2.4 0.6 - 0.7 1.8 - 2.3 
Y 0.2 - 0.5 - - - - -
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7.5.4. 5 SummGlY of Main Microstructural Observations for the AMDRY9971DCT6 System 
Thermally Exposed at J 05ifC 
The main microstructural observations related to the AMDRY997fDCT6 system thermally 
exposed at 1050°C for up to 10,000 h can be summarised as follows : 
• very coarse y' precipitates and a small fraction of 13 were present in a y matrix in the 
coating of the sample exposed for 200 h. However 13 was no longer observed after 2000 h 
exposure, and the bulk of the coating was mainly compri sed ofy after 10,000 h exposure; 
• Ta-Ti-rich carbides, as well as Y -rich precipitates also containing S, over observed within 
the coating after 10,000 h exposure; 
• with increased exposure time, the aluminium oxide scale thickens and becomes enriched 
in Ta, Ti, Cr and Y; 
• after 10,000 h exposure, Y -rich oxide particles were present at the oxide/coat ing interface 
and within OOZ; 
• presence of sma ll MC carbides in the IDZ of all the samples investigated. y' precipitates 
within IDZ (substrate side) appeared very coarse and irregular. At longer exposure times, 
enhanced y' coarsening was visible within the bulk of the substrate; 
• after 10,000 h exposure, numerous voids were present on the original coatinglsubstrate 
interface; these may be Kirkendall voids, however further investigations are required; 
• the diffusion of Ta and Ti was more pronounced with time of exposure, and after 10,000 h 
the presence of these two elements was quite significant within the oxide scale and on its 
inner edges. Such observations were con firmed also by the results of EOX elemental 
maps. 
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7.6 Microstructure of AMDRY997/CMSX4 B/C HC System 
The CMSX4 B/C HC materi al coated with AMDRY997 was investigated after bei ng 
subjected to isothemlal exposure at 950°C for 1000 h, in order to make a comparison with the 
DCT6-coated sample themlall y exposed at the same time/temperature conditions. This gave a 
useful insight into the influence of the substrate materi al on the resul ting m icrostructures of 
two coated systems characteri sed by the same coating material and same thermal exposure. 
The ou tcome of the various investigations perfo n11ed is discussed in detail in the following 
paragraph. 
7.6.1 Microstructure of AMDR Y99 71CMSX4 System Thermally Exposed at 95(/'C 
The microstructu re of the CMSX4 B/C HC C3 sample is shown in fi gures 7.30 a) to d). The 
ex terna l ox ide sca le was mainly constituted o f AI-ri ch ox ide, presumably Ah0 3, but it also 
contained other alloyi ng elements, inc luding Ta, Y and Cr. The presence of a continuous 
precipitate-free y layer was observed in the region adjacent to the ox ide/coating interface, as 
can be seen on figure 7.30 b), simi lar to what was observed in the DCT6 samples. No [3 was 
detected wi thin the ox idation-affected zone, near the ox ide/coating interface, w here instead 
rather coarse y' precipi tates could be seen together w ith some very small-sized o nes (see 
figure 7.30 a) and b» . The bul k of the coating mainly comprised of [3 - iA I and y' partic les 
with a smaller size than those present withi n the ODZ. 
The microstrucnll'e o f the IDZ was characteri sed by the presence of a y'-enri ched layer and 
y/y' domai ns similar to those encountered within the DCT6-coated samples then11 all y exposed 
at 850°C, as shown in figure 7.30 c). Furthen11ore, as seen in the DCT6 samples, Cr-rich 
precipitates were detected in the y' -enriched layer located in the IDZ. They a lso contained C 
and were therefore thought to be M23C6 carbides, which were indeed predicted as a stab le 
phase at thennodynamic equili brium within CMSX4 B/C HC. 
As shown in fi gu re 7.30 c), the IDZ was a lso characterised by the presence of numerous 
precipi tates very ri ch in W and Re, which appeared white in back-scatter mode, as shown in 
figure 7.30 c). They were identifi ed as poss ible 11 phase, due to the ir composition which 
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refl ected reasonab ly well that predicted at equilibrium for thi s phase within the parent 
material (see fi gure 5.3 g)) . The presence of ~ within the IDZ of thi s system was analogous to 
the occurrence of Cl' in the interdiffusion region of the DCT6 material. (J was not in fact 
observed wi th in the CMSX4-coated sample in questi on. Indeed, both are TCP phases which 
can evolve wi thin coated systems as a result of concentration gradients that invo lve specific 
alloying elements and are acti vated by high-temperature di ffusion phenomena between 
coating and substrate. The crystallography of the phases would be required to conclusively 
identi fy these W-Re-precipitates detected within the IDZ of the CMSX4 B/C HC C3 system. 
y' rafting was also observed in the substrate layer underneath the coating, simi larly to the 
DCT6-coated samples thermally exposed. Figure 7.30 d) shows the typical microstructure of 
the substrate in the CMSX4 B/C HC C3 sample, comprising of y' precipitates and MC 
carbides which seemed to have started transfornling into Ml3C6. Figure 7.31 shows further 
evidence of the presence o f small precipitates rich in Wand Re wi thin the IDZ of th is sample. 
There was reasonably good agreement between the measured chemica l compositions of y and 
~ in the coating, reported in table 7.34, and those predicted at equili brium in AMDRY997 at 
950°C. The trend in the vari ation of the elemental concentrations with in y' across the coating 
and IDZ were very similar to those found in the DCT6-coated samples. The chemica l 
compos itions obtained for the W-Re-ri ch phase, here identifi ed as ~, and the M23C6 in IDZ 
are given in table 7.35. It should be noted that the Mo content in both these phases was 
significantly lower than that predicted at equi li brium. The EDX resu lts gathered fro m y' 
present in the bu lk of the substTate, presented in table 7.36, agreed we ll wi th thermodynamic 
equilibrium predictio ns, whilst those o f MC were characteri sed by Ta and Hf contents higher 
and lower respectively that those expected at equilibrium. 
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Figure 7.30 FEGSEM micrographs of AMDRY9971CMSX4 BIC HC thermally exposed at 
95(j'C for 1000 h, etched with H3P04 electrolytic etch, showing a), b) and c) coating, IDZ and 
substrate regions, and d) bulk of substrate, 
a) 
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Figure 7,31 EDX elemental maps of a) the coatingllDZlsubstrate region in CMSX4 BIC HC 
C3 for b) Wand c) Re, 
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Table 7.34 EDX analysis results Jor AMDR Y9971CMSX4 BIC HC thermally exposed al 95ifC 
Jar 1000 h (reJer tofigures 7.30 a), b) and c) - all concenlrations in Wl. %). 
Element Ye y'e y'; y's 13 
Ni 37.7 - 39.5 57.9 - 59.5 55.1 - 55.2 64.9 -65.2 58.7 - 60.0 
AI 5.2 - 7.0 8.4 - 11.0 7.5 - 9.7 8 .1 - 8.3 18.0 18.6 
Ti 0.2 - 0.4 0. 1 - 0.2 0.3 - 0.4 1.0 - 1.1 0.1 - 0.2 
Cr 22.0 - 22.4 4 .6 - 4.8 7.4 - 9.7 1.9 - 2.4 5.4 - 5.8 
Co 26.4 - 27.7 14.5 - 15.0 13.5 - 15.8 8 .8 - 9. 1 14.5 - 15. 1 
Ta 3.4 - 4.7 10.6 - 13.4 9 . 1 - 11.3 9 .1 - 9.4 1.6 - 3.2 
W - - 1.4 - 1.5 4.0 - 4.8 -
Mo - - 0.2 - 0.3 0 .2 - 0.3 -
Re - - 0.6 - 0.7 0 .1 - 0.2 
Y 0.7 - 1.3 0.4 - 0.5 - - -
Table 7.35 EDX analysis results Jor IDZ phases within AMDRY9971CMSX4 BIC HC 
thermally exposed al 95ifC for 1000 h (refer 10 figure 7.30 a), b) and c) - all concentrations 
in wt. %). 
Element JJ. (IDZ) M 23C 6 (LDZ) 
Ni 25.1 - 35.2 11.5 - 12.0 
Al 2.9 - 4 .0 2.7 - 3.0 
Ti 0.5 - 0 .7 -
Cr 7.3 - 9.3 65.7 - 73.0 
Co 10.1 - 11.1 5.4 - 6.7 
W 2 1.2 27.3 3.6 - 3.8 
Mo - 1.3 - 2.8 
Ta 3.9 - 5.5 -
Re 16.2 20.3 3.2 - 4.0 
Table 7.36 EDX analysis results for bulk of substrale in AMDRY9971CMSX4 BIC HC 
thermally exposed at 95ifCfor 1000 h (all concentralions in wt. %). 
Element y' MC 
Ni 63.5 - 65.4 4. 1 - 4.3 
Al 7.0 - 7.2 0.5 - 0 .7 
Ti 1. 1 - 1.2 7.2 7 .4 
Cr 3.5 - 3 .6 0.5 - 0 .6 
Co 7.5 - 7.7 0.9 - 1.1 
Mo 0.6 - 0.7 O. I - 0.2 
W 5.7 - 5.9 4.0 - 4.2 
Ta 8.3 - 9.2 69.6 72.0 
Hf 0. 1 - 0.6 11.8 12.3 
Re 0.0 - 0.6 -
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7.6.2 Summary oJ Maill Microstructural Observatioll s Jor the AMDRY99 71CMSX4 BIC 
HC System Thermally Exposed at 951/'C 
The main microstructural observations related to the AMDRY997/CMSX4 B/C HC system 
thermally exposed at 950°C for up to 1000 h can be summarised as follows: 
• presence of a mixed ox ide (a lso containing Ta, Cr, Y and Ti) on the outer surface of 
coating; 
• ~-depletion was visible near the oxide-coating interface, where a continuous precipitates-
free y layer was present, within which some coarse y' particles were dispersed; 
• the bu lk of the coating mainly consisted of ~ and small y' precipitates in a y matrix ; 
• the microstructural features of the IDZ were similar to those of the DCT6-coated 
counterparts; addi tionally, precipitates very rich in Wand Re (possibly 1-1) were observed 
on the y' -enriched layer, adjacent to the y' rafted region . 
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7.7 Summary 
This chapter first presented the results of themlOdynamic equilibrium calculations and 
sensitivity studies to AI and Cr performed on the coating material , AMDRY997. These gave a 
useful insight into the phases expected in the microstructure of coated samples after themlal 
exposure, and also gave an indication of the possible microstructure evolution as a result of a 
change in the AI and Cr concentrations with in the coating. 
The results of detailed microstructural investigations carried out on various DCT6-coated 
samp les, thennally exposed at different temperatures for different times, were then discussed. 
At each of the temperatures considered, the oxide scale present mainly consisted of AI-rich 
oxide, presumably Ah03. In all of the samples investigated, the scale becanle thicker with 
increased exposure time and became also enriched in other alloying elements in addition to 
AI. The depletion of the ~ phase in the vicinity of the oxide-coating interface and in the IDZ 
appeared, as expected, more enhanced with increased time and temperature of exposure. 
Indeed, ~-NiAI precipitates were observed in all of the DCT6 sanlples thennally exposed at 
850°C, but no longer present after exposure at 950°C for 10,000 h and after exposure at 
1050°C for 2000 h. 
The IDZ of all the DCT6-coated samples thermally exposed at 850°C and 950°C presented 
evidence of some complex phase transfomlations involving carbide phases. Cr-rich globular 
precipitates, also containing C, were detected within a y'-enriched layer in the IDZ of the 
DCT6-coated samples thermally exposed at 850°C and 950°C. They were identified as 
possib le M23C6 carbides. Acicular Cr-rich precipitates were also observed in the interdiffusion 
region of all the DCT6-coated samples thermally exposed at 850°C, and after 10,000 h 
exposure at this temperature there was evidence of C present within them, hence they were 
thought to be carbides. However, it is thought that these acicular Cr-rich precipitates might 
have possibly originated as a result of C-enrichment of pre-existing, metastable cr phase. No 
M23C6 carbides were detected in the DCT6-coated samples themlally exposed at 1000 and 
1050°C, consistent with the thermodynamic equi librium calculations which indicated it was 
not stable at these temperatures. 
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There was evidence of y' rafting within the substrate layer underneath the coating in all of the 
DCT6-coated samples which had been thermally exposed at 850, 950 and 1000°C. In those 
exposed at 1050°C, the IDZ was clearly di stinguishable from the substrate in that it was 
characteri sed by the presence of very coarse and ilTegularly shaped y' particles , however 
rafti ng appeared less pronounced as time increased. Phase trans fomlations involving the main 
carbide phases were also observed within the parent material of most of the DCT6-coated 
samples thermally exposed, with the M23C6 carbide forming at the expense of MC at the lower 
temperatures. 
Changes in the chemical composition of the mam phases were monitored across the 
coatinglIDZ/substrate within all the themlally exposed DCT6-coated samples investigated. 
The concentration gradients for key-diffu sing elements, such as AI and Cr, appeared more 
pronounced at lower temperatures, i.e. 850 and 950°C, and at increased time of exposure. 
They became less marked at higher temperatures, due to the more enhanced di ffus ion, which 
gave ri se to the di ffusional transport of the main alloying elements across greater di stances. [t 
is beli eved that these compos itional trends related to different timeitemperature of exposure 
could indeed be used as a potential indicator of thermal hi story for the coated system, as 
di scussed in greater detail in the next two chapters. 
The mi crosh'ucture of CMSX4 B/C HC coated with AMDRY997 was investigated after 
exposure at 950°C for 1000 h. It presented many similarities to that of the themlall y exposed 
DCT6-coated sam ples. However, the IDZ in the CMSX4 B/C HC C3 sample was 
characteri sed by the presence of Illunerous small precipi tates, which occurred on the y' -
enri ched layer and contained significant amounts of W and Re. They were thought to be 
possibly ~ phase, although further crystallographic investigations would be required in order 
to identi fy them conclusively. 
The quantitati ve data on the microstructural changes described in thi s chapter are used for 
va lidation of the di ffusion-based model developed during thi s research , as di scussed in 
chapter 8. 
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8. A Diffusion-Based Model of Oxidation 
Lifetime and Microstructural Evolution in 
Coated Single Crystal Ni-Based Superalloys 
2 17 
8.1 Introduction 
Modern stati onary gas turbines for electTic power generation are often protected against high-
temperature oxidation by means of overlay coatings (MCrAIy)[90] . The durabili ty of such 
coatings is a crucial issue fo r gas turbines since the coating li fe mainly contro ls the 
refurbi shment and/or replacement of many engine parts, particularl y for the hot gas path 
section components, i.e. turbine blades and vanes. 
Coating effectiveness tends to decrease as a result of high temperature exposure and thermal 
cycl ing, which cause the depletion of oxide forming elements, such as AI, hence reducing the 
abili ty of the coating to promote the fonllation of a continuous protecti ve oxide layerl I ,45,491. 
Failure of a component subjected to prolonged high-temperature exposure will take place if 
the rate at which oxidati on and/or corrosion occur is suffic iently high to induce a th inn ing of 
the load-bearing section below a certain cri tical value(78] 
In an MCrAIY coating the main oxide-fornling element, I. e. AI , diffuses from the coating 
towards the oxide/coat ing interface, as confirmed by the results of the experimental 
investigations presented in chapter 7, where a reaction with the oxygen from the gas medium 
takes place leading to the formation of aluminium oxide. The depletion of AI from the bulk of 
the coating, in fac t, causes a reduction in the fraction of the AI -rich phase, ~-NiA I , as we ll as 
the creation of an AI-depleted region, consisting only of y phase, adjacent to the oxide/coating 
interface. FUrlhernl0re, the failure to reform AI20 3 sca le can lead to the so-called breakaway 
ox idation, i. e. the formation o f less protecti ve ox ides, such as NiO, Cr20 3, and nickel spinels, 
and in some cases it can al so be accompanied by the internal oxidation of AI within the 
coatingI45,)8,90] , 
It has already been pointed out that coatings degrade as a result of oxidation, spallation, and 
coatinglsubstrate interdi ffusion, the latter being driven by the concentration gradients existing 
between the coating and the substrate. Spallation consists of the loss of ox ide scale at the 
metal surface, but it most commonly occurs at the outer sur face of the scale as a consequence 
of thernlal cycling, The latter is a major concell1 in aero gas turbines, as opposed to land-
based turbines which instead operate in an almost isothernlal regime fo r very long periods of 
time, It should also be noted that the partial loss of oxide, which occurs as a result of 
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spallation or oxide cracking, is not necessarily catastrophic since selective oxidation of AI can 
st ill take place, lead ing to a "healing" of the oxide sca le. All of the above phenomena are 
mainly related to the diffusional transport of Al from the coating towards the coatingloxide 
interface and into the substrate(45,4J.801. 
Under isothermal oxidation conditions, the growth of the oxide layer can be described by a 
parabolic rate law, i.e. the scale thickness is proportional to the square root of time. Although 
AI is continuously consumed by the growing scale (i .e. as AI20 J), the rate of consumption is 
generally low. This behaviour differs from that observed under cyclic oxidation conditions, 
which is characterised by greater rates of AI depletion from the bulk of the coating as a result 
of AI20 J formation. As a consequence of the outward diffusion of AI from the bulk of the 
coating to form the oxide scale, a displacement of the outer coating surface occurs, which can 
be quantified by means of appropriate mass balance and boundary conditions (56.801, as will be 
explained later in this chapter. 
The AI flux towards the oxide/coating interface is dependent on the oxidation temperature, 
and also on the concentration-distance profiles which exist across the 
oxide/coatinglinterdiffusion regions. The coatinglsubstrate interdiffusion is responsible for the 
alteration of the mechanical properties of the coated component due to the fOlmation of new 
phases, often thought to be embrittling, wi thin the interdiffusion affected zone (IDZ),45.481, as 
shown in chapter 7. The extent of coatinglsubstrate interdiffusion, in turn, depends on the 
oxidation temperature, the exposure time at that temperature, and both the coating and 
substrate compositions(451. 
As a consequence of technological developments and safety requirements for the operation of 
gas turbines, reliable, as well as cost efficient, lifetime prediction methodologies are needed 
for MCrAIY coatings, in order to allow for a quantification of the high-temperature oxidation 
behaviour of such materials. The accuracy of these procedures is affected not only by the 
reli ab ility and precision of both the physical and the mathematical models on which they are 
based, but also by the availability of a number of modelling parameters needed to perform 
calculations. 
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A complete understand ing of the diffusion-assisted degradation processes and the 
microstructural changes tak ing place wi thin the coating, the IDZ, and the substrate material, is 
indeed crucial in order to develop more accurate li fe prediction procedures fo r coatings and 
coated Ni-based superalloys. In the following sections, a detai led description of the modelling 
activity carried out as part of thi s research work is given. The general and fundamental 
aspects goveming the lifetime modelling activity carried out so far on the basis of the 
ox idation and di ffusion processes which take place in MCrAIYfNi-based superalloy systems 
are also d iscussed. It should be noted that the modell ing acti vity hereafter d iscussed did not 
consider the presence ofa TBC on top of the MCrAIY coati ng. 
8.2 Fundamental Aspects of Oxidation Lifetime Modelling for MCrAlYI i-based 
Superalloy Systems 
The development of accurate models to describe the ox idation and diffusional behaviour of 
high-temperature res istant alloys is needed to quali fy their service performance, to assist the 
alloy selection process and guide component design fo r specific service conditions, and also 
to predict the effective operating temperature of a given engine part. Any ox idation-based 
model needs to be able to describe a complex sequence of high-temperature acti vated 
phenomena in terms which are easi ly quantifiab le, and it also needs to be appl icable to a wide 
range of environmental conditions[78] 
Systematic modelling is generally aimed at the prediction of the useful service life of the alloy 
as a function o f compositi on, thickness, and temperature of exposure. More advanced models 
should also allow for the quantification of the effects of temperature fluctuati ons and changes 
in oxidi sing conditions to which the material might be subjected[78J. Modelling, however, can 
also be used to help identi fy the most important parameters which have a significant impact in 
all of the issues concerned with high-temperature exposure of multiphase coatings on 
superalloy substrates. 
For an MCrAIY coating, the determi nation of its ox idation li fetime is a necessary step in 
order to assess the res istance of such a coating to high-temperature exposure, hence its abili ty 
to form protecti ve oxide scales[45,47,9iJ. It is generally accepted that by knowing the 
concentration-distance profiles with time and temperature of key-diffusing elements, and the 
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thickness variation of the oxide scale, it is possible to establish the extent of oxidative attack, 
and possibly determine the remanent life of the all0092] The creation of a model for the 
oxidation and diffusion of high-temperature alloys requires the definition of the followingl78L 
• an end of life criterion; 
• a tracking parameter, which could be easily calculated and used to detemline the likely 
end of li fe. 
The end of life criterion could be identi fied as the stage at wh ich a sufficientl y high 
proportion of the cross section of a component has been lost because of oxidation and/or 
corrosion, hence mechanical loads can no longer be supported. However, such a criterion 
mainly app lies to those components characteri sed by th in cross sections, and subjected to very 
severe oxidising and corrosive conditions. I.n other alloys, the end of useful life can be 
associated with the onset of breakaway oxidation, which in turn signals a significant reduction 
in the concentration of oxide fomling elements. 
For life estimation ofMCrAIY coatings, more specifica ll y, two criteria have been proposed in 
order to detemline the onset of coating failurel431 . Some authors have defined the end of life 
criterion for these materials based on the assumption that the useful li fe of a coating is 
reached when the volume fraction of the ~-phase, considered as the AI-reservoir, equals 
zeroI43.931 . Other authors, however, have proposed that a critical Al content at the 
oxide/coat ing interface could be used as the indicator of the end of coating lifeI44,45,80,91.92,941. 
There is indeed experimental evidence which indicates that the complete dissolution of the ~­
phase often occurs we ll before the coating has reached its useful life in servicel80I . It has 
therefore been decided to adopt a critical Al concentration at the oxide/coating interface of the 
system in question as the end of life indicator in the model developed during this research 
activity. 
In respect of a tracking parameter, if the critical cross section criterion were to be used, the 
parameter in question would be represented by the specimen thickness, which could be 
obtained from data on mass change. For end of life criteria based on the depletion of the AI-
rich phase or oxide forming elements, the key parameter to be tracked would be the rate of 
consumption of e ither the phase or the element, which could in turn be calculated from mass 
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balance equations. The types of equations used are di fferent depending on whether the 
oxidation is assumed to occur isothermally (i.e. no spallation considered), or otherwise. 
It should be noted that a lthough in the majority of cases the ox idation processes which are 
dea lt with are regarded as similar, the duration of the di fferent ox idation stages, the 
characteri sti cs of the ox ide formed and the time at which spallati on eventually occurs, can all 
be altered and strongly influenced by a number of factors. These include the physical 
dimensions of the component, the su rface fi nish, the microstructure, the type of strengthening 
phase present, and the temperature dependence of the mechanical properti es of the 
materia l178J . 
A number of diffusion-based oxidation models have been developed fo llowing different 
approaches, which can be divided in two main categories. There are in fact simple power-law 
or logarithmic models, which link the mass change andlor thickness of the oxide with time, 
and there are a lso more advanced models based on di ffusion equations, such as Fick' s first 
and second laws, used to predict the behaviour of the main ox ide-forming elements[79,8o.94-97] 
Furthermore, the rates of coatinglsubstrate interdiffusion have been quanti fied and used to 
predict the operati ng temperature of engine parts, with the ultimate a im of calibrating fi nite 
e lement heat transfer models, andlor creep-based models, for component life and repair 
ca \eu I ati ons! 45,44.79.80.9O,94-97J . 
The power-law models are totall y empirical, not being ab le to provide a description of the 
chemical and physical processes which take place within the systems in question. These types 
of mode ls are in fact onl y re lated to the limited period of ti me during which the spec i fi c 
experiment is calTied out, and they can only be extended to longer time peri ods by means of 
ex trapolation. The o ther types o f models are able to describe chemical and physica l processes 
occurring during high-temperature exposure, under isothermal andlor cyclic ox idation, within 
the oxide, coating and substrate materials. 
The di ffusion-based models utili se mathematical equations which are usuall y so lved 
numerica lly by means of the finite di fference method, explained in greater detail in section 
8.3.2.2. These mode ls allow for the prediction of concentration-distance pro fil es for ox ide-
fo rming e lements, such as AI and Cr, across the coatinglinterdi ffusion/substrate regions, as a 
funct ion of time and at a given temperature. For these types of models to deliver reli ab le 
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quantitative infonnation, however, a number of parameters and constants have to be known. 
The most important parameters are certainly the diffusion coefficients of the main oxide-
fonning elements, the value of the oxidation rate constant for quantification of the oxide 
growth wi th temperature and ti me, and the specific boundary conditions, which vary 
depending on the assumptions made on the oxidation conditions (i.e. cyclic or isothermal). 
It shou ld be noted that at present there is a considerable lack of temary interdi ffusion data in 
the literature for the i-Cr-AI system, although a reasonable amount of infonnation is 
available for the i-AI and Ni-Cr binary systems. A mUlticomponent di ffusion mobility 
database for the fcc phase of the Ni-AI-Co-Cr-Hf-Mo-Re-Ta-Ti-W system has been created 
by Campbell et a/[981, who used a CALPHAD approach to detemline the necessary 
thennodynamic factors and to so lve the composition dependence of the mobility tenns 
expressed by a Red lich-Kister polynomial. 
Furthemlore, Nesbitt et afl96] have measured temary interdiffusion coefficients in the i so lid 
sol ution y (fcc) phase of the Ni-Cr-AI system at 11 00 and 1200°C. They have also developed 
second order polynomial equations, with the independent variables being the Al and Cr 
concentrations. These correlations allow for the four interdiffusion coeffici ents (i.e. D AIAI, 
D Crc" D AIC" D CrA I) in y-Ni to be calculated as a function of concentration, at 1100, 11 50 and 
I 200°C. However, no interdiffusion coefficients are availab le for Ni -Cr-AI alloys at 
temperatures such as 950 and/or 1000°C, i.e. those closer to the operating temperature of 
industrial turbine blades, relevant to the present study. This is probab ly due to the fact that 
diffusion experiments perfonned at such relatively low temperatures are more time 
consuming than those carried out above J 000°c. 
Other investigators have focussed on the vari ation with time of the width of the Al depleted 
regions within MCrAIY -coated systems, in order to estimate local service temperatures for a 
given component. Studies have also been carried out to produce temperature estimates based 
on the increase in thickness of the interd iffusion zone between overlay coatings and their 
substratesJ8Q Time-temperature correlations have also been developed by means of 
microstructure methodologies which fOCllS on the substrate material only, based for example 
on the change ofy' size as a function of time and temperature[161 Other approaches have also 
been taken, such as monitoring the changes in carbide type and composi tion in some 
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polycrystalline superalloys and linking such changes to specific time and temperature 
conditions. As previously mentioned, if the engine operating time is known, this can then be 
related to microstructural evolution at a particular effective temperature, allowing the 
remaining li fe of a component to be estimated[99] 
8.3 Model Developed in This Research 
8.3. J Model Overview 
The ultimate aim of the modelling activity carried out as part of the present research work was 
to develop a model which could act as a time-temperature recorder, to allow the prediction of 
the effect ive operating temperature of a component and therefore an estimate of its remaining 
li fe in service. A one-dimensional diffusion-based model, ab le to simu late the degradation of 
MCrAIYlNi-based superalloy systems subjected to isothermal exposure, by simultaneous 
ox idation and coatinglsubstrate interdiffusion, was therefore created. 
This model could then be used as a tool to study and understand the di ffusional behaviour of 
overlay-coated Ni-based superalloy substrates, subj ected to isotbennal ox idation. In addition, 
the model wi ll also allow for the identification and the evaluation of parameters in the system 
which have a major influence on the simulation and quantification of the high-temperature 
oxidation phenomena. It shou ld be noted that materials for land-based turbine blades, such as 
those ana lysed in this study, are thought to operate under almost isothermal conditions 
throughout thei r service li fe, as opposed to the aero-engine counterparts which usually 
undergo significant thermal cycling. A schematic representation of the system and the 
phenomena being modelled is presented in figure 8. 1. 
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Fig llre 8.1 Schematic represelltation of the system being modelled in this study. 
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The model described in the subsequent sections was developed in a framework which 
originates from the COSIM mode1180•9 11. The latter, however, is aimed at the prediction of 
temary concentration/distance profiles associated with the oxidation and interdiffusion of 
overlay-coated substrates subjected to thermal cycling, as opposed to the isothemlal regime 
which the present model is applicable to . The COSIM model , in fact, adopts a separate oxide 
growth and spall ing model (COSP), to provide the boundary conditions at the oxide/coating 
interface, related to the spallation phenomena which are expected to occur due to thermal 
cyc li ngl80•9 11. 
In the present model , diffusion equations are solved by means of the finite-difference method 
embodied in a FORTRAN computer program, which is then able to deliver appropriate 
numerical solutions to the diffusion problems. Although the model was developed in temlS of 
temary diffus ion, i.e. accounting for the diffusional transport of AI and Cr (Ni being the 
balancing e lement) in the y phase of the coating and the substrate, other elements could indeed 
be substituted for AI and Cr, if the necessary parameters and constants were available. 
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Concentration-distance profiles as a function of time and temperature for the main ox ide-
forming elements resulting from oxidation and coatinglsubstrate interdiffusion, as well as 
information on the kinetics of oxide growth, i.e. oxide thickness as a function of temperature 
and time, are output by the model. The concentration-distance profiles obtained can then be 
input into a software package for themlodynamic equilib rium computations, such as 
MTDA TA, which could in turn be used as a slave app lication of the main FORTRAN code. 
MTDATA calculates the amounts and compositions of the equilibrium phases present across 
the coatinglinterdiffusion/substrate regions, hence providing phase infomlation as well as 
quanti tati ve infomlation on the microstructure of the system of interest associated with the 
composi tional changes predicted by the model. 
It should be noted that the concentration-distance profiles output by the model are related to 
diffusion, this being a non-equilibrium process. The results provided by MTDA TA 
calculations, however, are obtained under the hypothesis that thennodynamic equilibrium 
conditions ex ist at a given temperature and for speci fic concentration/distance profi les in the 
system being modelled. They should hence be treated with caution, as they might not always 
lead to an exact estimate of the effective theml0dynamic and microstructural status of the 
system, this being in fact in non-equilibrium conditions, nevertheless they provide a good 
indication of the phases present as a function of time, temperature and composi tion. A future 
goal is to full y integrate the thermodynamic and kinetic codes so that they run concurrent ly 
rather than sequentiall y. 
A schematic overview of the model developed in the present research work is shown in figure 
8.2. The FORTRAN computer progranl perfonns a seri es of preliminary ca lculations, the 
results of which are fed to a main loop of program which outputs the concentTation-d istance 
profiles. The model is also ab le to predict coating life accord ing to an end of life criterion, if 
appropriately defined. [n addition to thi s, the model also allows for the identification and 
evaluation of the parameters, used by the computer program, which have a major influence on 
the quantifi cation of the oxidation and diffusiona l behaviour of the system in question. 
Thermodynamic calculations are then carried out by means of MTDATA, although 
ThemlOCalc or another similar software package could also have been used. 
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Figure 8.2 Schematic overview of the model. 
PRELIMINARY 
CALCULATIONS 
-1-
MAIN LOOP 
~ 
Coating Life Prediction and 
Concentration Profiles for AI, Cr and Ni 
-l-
MTDATA 
-l 
[ThermOdynamiC Equilibrium Computations j 
for Coating with Output Concentrations 
The kinetic model developed in this work is described in the following sections, with 
appropriate references, and new modifications made during the course of this research are 
discussed in detail. 
8.3.2 Theoretical Backgroulld to the Model 
8.3.2.1 Diffusioll Equations 
Temary diffusion equations were used within the mode l to describe the diffusional behaviour 
of Al and Cr resulting from high-temperature exposure for a given length of time. Although 
most overlay MCrAIY coatings are quite complex multicomponent and multi phase alloys, 
lack of di ffusion data and kinetic constants have to date prevented the development of a more 
comprehensive model which could account for the diffusional behaviour and the interactions 
of all of the elements present with in the coating. 
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Consistent with earlier modelsI43,80,91,92I, the MCrAIY coating was approximated to a single-
phase ternary system, i.e. constituted only of Ni, AI and Cr, all diffusing in the y-N i phase. 
The presence of Y was neglected in the model due to its very low concentration which 
generally characterises MCrAIY coatings. It should be noted that, as previously highlighted in 
chapter 2, although the role of Y within MCrAIY coatings is not yet fully understood, it is not 
usually regarded as a key-diffusing element because of its relatively low diffusion rate, and 
because it does not take part in the fonnation of any major coating phase. 
The diffusion of AI and Cr in a ternary system can be mathematically described by means of 
Fick's first and second laws of diffusion, which in their most general fonn can be written as 
followSI80,91.IOOJ: 
where: 
J =-D oc 
ox 
oc 
at ox 
Fick 's First Law [B. I} 
Fick 's Second Law [B.2} 
J= nux of the diffusing component, i. e. rate of trans fer per unit area of sect ion; 
c = concentration of the di ffusing substance; 
x = space coordinate measured nornlal to the section; 
t = time; 
D = appropriate di ffllsion coefficient. 
If applied to the diffusion of AI and Cr 111 a ternary system (Ni-AI-Cr), the prevIous 
expressions become[80,91.92L 
oc) aCt J =-D .- -D .• -) ).) ox ). ox j, k = AI. Cl' [B.3} 
j . k = AI, Cr [B.4} 
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where: 
D jj = intrinsic diffusion coefficient of the diffusing e lement in Ni-y; 
D j" = cross-term interdi ffusion coefficient. 
With respect to equations 8,3 and 8,4, it should be noted that Djj relates the concentration 
gradient of the component j to its flux, whilst D j" relates the effect of the concentration 
grad ient of k to the flux of component j. All other symbols are as previously defined, and 
appropriately related by their indexes to Al or Cr. 
The first tenn on the right hand side of equation 8,4 can be further expanded, leading to the 
following expression: 
( (ac ,)] a Dj,j - ) , ax a c aD" ac . --'~---='-----'-"- = D .. --) + ~-) 
ax ).) ax' ax ax j , k = AI, Cr [8,5} 
A similar expression ex ists for the second ternl on the right hand side of equation 8,4, which 
could therefore be written as fo llows: 
aCj a'cj aDj,j aC j a'c, aDj" ac, 
- =D .. --+---+D .,--+---
al j.) ax' ax ax ), ax' ax ax j,k = AI,Cr [8,6} 
I f the di ffusion coefficients are assumed to be independent of concentration, the previous 
expression of the Fick's second law of diffusion can be simplified in the following way: 
j, k = AI, Cr [8.?} 
In the literature, there are a number of analytical solutions to Fick's laws which are used to 
mathematically describe high-temperature diffusion acti vated phenomena, such as solute 
oxidation in binary alloys, internal oxidation, moving boundary problems, and solute transport 
during oxidation and corrosion, It should be noted that a ll of these proposed solutions require 
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some simplifying assumptions to be made, regarding for instance the dependence of diffusion 
coefficients on concentration, the oxidation conditions (i.e. temperature being constant or 
not), the geometry of the diffusion planes, and the time-dependence of boundary 
conditions[92. 1001. 
Amongst the different techniques so far adopted in order to deliver numerical solutions to 
Fick's diffusion laws, the most commonly encountered is that of the finite difference method 
(F-D), wh ich is widely recognised as the only numerical method to have been app lied to 
modelling diffusional transport associated with high-temperature oxidation and corrosion (921. 
The F-D method is discussed in detail in the following section, with particular attention to 
those features which are relevant to the current modelling activity. 
B.3.2. 2 The Finite Difference Method 
The finite difference (F-D) method requires the use of a nodal grid wh ich embraces the whole 
region of the material over which the d iffusion processes occur. This grid is comprised of a 
certain number N of equally spaced nodes, the node spacing being given by LIx. Each node has 
specific concentration values associated with it, which in this particular case refer to the AI , 
Cr and i concentrations at a given distance across the diffusion zone. 
The F-D technique allows Fick 's first and second laws of diffusion (eq. 8.1 and 8.2) to be 
so lved by using the so-called finite difference equivalents. Concentration profiles after a 
certain length of time I are hence derived by an iterative procedure which involves several 
calculat ion steps, each related to a time increment LIt, until the desired period of time t has 
been reached. The finite difference equi va lents are based on small increments of time LIt, 
concentration Llc, and distance LIx, and are obtained by means ofTaylor series expansions(IOIJ. 
For all nodes 11 where adjacent nodes at each side ex ist, i.e . n+ 1 and n-I, the F-D equi valent 
for the concentration gradients, which appear in Fick ' s first law of diffus ion 8.3, is given by 
the first order central difference equation, stated as follows : 
i i 
C j.n+\ - C j.n - I 
2ilx 
[B.B} 
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where: 
j = Al or Cr; 
i = index which refers to current iteration at time t; 
11 = node number varying from 2 to N-I, where N is the total number of nodes in the grid . 
The F-D equivalent expression of Fick's first law of diffusion 8.3 for the component j can 
therefore be written as fo llows: 
i i 
C j .n + 1 - C j .n- l J =-D J J .} 2& 
[8.9] 
The F-D equivalent used to so lve Fick ' s second law of diffusion can be stated either in an 
explicit or in an implicit form. If there are nodes within the grid, the explicit F-D method 
enables the determination of one unknown value, related to one node within the grid, to be 
expressed direct ly in terms of the other known N-I val ues at each time step. The most popular 
implicit F-D method, on the other hand, incorporates the Crank-Nicholson 
representationI92.1001, and implies the solution of a set of 1 simultaneous equations at each 
time step, for N unknown values related to the N nodes within the grid as a function of the 
known initial values and the boundary values. The implicit method therefore involves a 
s ignificantly greater amount of computational work at each time step, when compared to the 
explicit method. However, it offers the advantage of remaining stable, with less possibility of 
rounding or truncation errors, allowing one to perform the calculations with larger and hence 
fewer time steps, the lim it being decided depending on the level of accuracy requ ired(1001 
The exp li cit F-D method is however preferab le and most commonly used within diffusion-
based models for high-temperature corrosion when, as for the model developed in the present 
work, there is a strongly time-dependent boundary condition (i.e. at the OX ide/coating 
interface), which requires the use of fairly small time increments. Furthermore, the exp licit 
method is generall y attract ive because it is easier to progranlme, and it leads to satisfactory 
resu lts from simpler calculationsl92J. 
If it is assumed that the diffusion coefficients are independent of composition, the second 
order derivatives appearing on the right hand side of equation 8.7 can be expressed as follows : 
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82 C j C~. II + 1 - 2c~. 1I + C~. II _ 1 
oX ' (/ix )' [8. IO} 
Equation 8. 10, as with equation 8.8, onl y applies to those nodes n within the grid where 
adj acent nodes, /1 -1 and 11 +1, exist. The F-D equiva lent of the left hand side of equation 8.7 is 
given by tbe fo llowing first fo rward diffe rence equation: 
~ i+ l i ~= cj .1I - c j .1I 
at c,/ [8.II} 
where the index i relates to the current iteration at time t, whilst i+ I refers to the iteration at 
time t+L1t. Combining appropriately equations 8. 10 and 8. 11 it is possible to wr ite the F-D 
equi va lent expression of Fick ' s second law of diffusion, still under the simpli fying 
assumption that the di ffusion coefficients are independent of concentration, hence constant at 
a given temperature: 
c,t 
; _?; + i 
Ck.II +1 - C Ic •1I C j.II_ 1 
+ D J'" --'::':=-:---'7::--="':'" (/ix )' [8. 12} 
From equation 8. 12 it is possible to see that in order to ca lculate the new concentration values 
for each of the di ffusing elements at node 11 and at time t+L1t, the concentrations at time t, 
related to the adjacent nodes (i.e. n+ I and 11-1), have to be known. A schematic representation 
of a small portion of the nodal grid at time t (index i) and at time t+L1t (index i+ I ), after 
Fick 's second law of di ffusion has been applied, is shown in fi gure 8. 3 (the index 11 refers to 
the node number). 
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Figure 8.3 Schematic representation 01 a portion 01 the grid at time t and at time t+ Lit. 
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For those nodes located at an interface, to which a boundary condi tion app lies, usually one of 
the adjacent nodes, n+ 1 or n-1 is missing, depending on the position of such an interface, 
hence a central difference equi valent expression, such as equation 8.8, is no longer valid . The 
concentration gradient at an interface can be computed using a second order forward 
difference equation, which in its generic foml can be stated as follows: 
" ; 4 ; 3 ; ~ = - c j.n+2 + C j ,II + 1 - cj ,,, 
ox 2& 
[8.J3} 
where it has been assumed in thi s case that node n is the one located at the interface, and node 
/1-1 does not ex ist. 
The explicit F-D method is usually coupled with a stability criterion, so as to limit in an 
appropriate malmer the time increment Lit used at each iteration. The value of Lit can influence 
the resu lts of calcul ations, and therefore needs to be chosen carefu lly, as discussed in section 
8.5.3.2. Unlike the implicit method, the explicit F-D method can suffer from instabilities, and 
hence the size of the time increment must be appropriately restricted to ensure that the 
numerical so lutions to Fick's laws provided by the finite di fference equi valent expressions are 
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always convergent to the solution of the partial differential equations. The stabi lity criterion 
most commonly used is the following[80,91.92 L 
D t:.t:s; 0.25 
,,~x (t:.x . ) ' 
mm 
[8.14} 
where: 
Dmax= maximum diffusion coefficient; 
Lixmin = minimum node spacing. 
The time increment is derived from the previous expression, by equating the left hand side to 
the right hand side of the equation : 
t:.l = 0.25 (t:.xm;" ) ' 
D nl.1x 
[8.15} 
It should be noted that a different value, such as 0.5 for example[561, could be used in place of 
0.25 for the numeri ca l constant on the ri ght hand side of equation 8. 15 . Although LIt is 
initially very small , the flexible grid tech.nique adopted in the present model allows the time 
increment to increase after each iteration as a consequence of the increased node spacing Llx. 
This, in turn, enables long exposure time simulations to be perfonned by the computer 
program within a reasonable length of computation time. 
8.3.3 Development of the Model 
8. 3.3.1 Assumptions Underlying ill the Model 
The following assumptions were made in the numerical model developed in this study: 
• MCrAIY coating is regarded as a ternary alloy with two phases, i. e. y and ~; 
• ox idation is considered to occur isothermally, hence spallation is not accounted for; 
• AI20 ) is the only oxide scale which fonns as a result of high-temperature exposure, at the 
expense of~ , which acts as an AI sink; 
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• AI diffuses outwards from the bulk of the coating towards the growing scale, whil st Cr is 
rejected from the oxide layer towards the coating; 
• diffusion coeffi cients are concentration-i ndependent, hence they depend only on the 
temperature of exposure; 
• all interactions other than those between i-Cr-AI are ignored; 
• ~ disso lves well before the AI content in the coating has reached a critical value, I. e. 
before the coating usefu l life has been attained; 
• diffusion o f alloying e lements is simulated in a single-phase fi eld , i.e. in the y-phase only. 
Such an assumption stems from the previous one, since the fast depletion of the ~-phase 
experi mentall y observed in previous studiesI45.S0.91.921 allows the MCrAIY to be 
rep resented as a single y-phase layer, which is given the initi al AI and Cr concentrations of 
the bulk of the coating; 
• diffusion occurs at the ox idation temperature, i.e. heating and cooling are supposed to be 
rapid; 
• the useful li fe of the coat ing is associated with an AI criti cal content at the ox ide/coat ing 
interface. 
8.3.3.2 /niliai Conditions 
In order to study the diffusion process occurring in the MCrAIY i-based superalloy system 
of interest by means o f the F-D technique, a fl ex ib le grid scheme was used and a di ffusion 
zone was ini tia ll y defined, which would expand or contract to match the position of the 
moving boundaries. Consistent with previous models[SO,91 1, a lso in the present study the ox ide 
growth and the interdiffusion between the coating and the substTate at the earl y stages o f 
diffusional transport were regarded as two completely independent phenomena. In particular, 
the coatinglsubstrate interdi ffusion was considered as a diffusion problem between two semi-
infinite planes which join at the coatinglsubstrate interface. In a similar way, the fo nnation 
and the growth of the Ah0 3 scale was so lved as a d iffusion process involving a semi-in fin ite 
plane, effectively affecting only a very small region of the coating beneath its outer surface . 
As a consequence of these assumptions, two d istinct diffusion regions were initiall y 
considered, an o uter di ffusion zone (ODZ) close to the ox ide/coating interface and related to 
the di ffu sional transpOlt due to the oxidation, and an inner diffusion zone (IDZ) located across 
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the coatinglsubstrate interface and resu lting from the interd iffusion between the two materials. 
As shown schematically in fi gure 8.4, in each of the two diffusion zones a certain number of 
nodes were defined, and initial concentration values were assigned. In the figure, ALCO and 
ALSUB indicate the nominal AI concentration in the coating and in the substrate respectively; 
the same app lies to CRCO and CRSUB for Cr concentrations. 
Figure 8.4 Schematic representation of the illitial concentration profiles in ODZ and fDZ{80] 
Outer Diffusion 
Zone 
WDODZ: 
CRCO~~--~--~. 
ALCO 
e 
0 
:;:: 
~ 
.. 
e 
Cl 
U 
e 
0 
CJ 
Cr(O) Cr(i) Cr(2) Cr(3) Cr(4) 
AI(O) AI(i) 
Oxide/Coating 
Interface 
Jt!""" 
Nod. 
SpaclnSl 
0 1 
Nodes 
AI(2) AI(3) AI(4) 
, I 
Ancillary 
Nodes 
4 5 
Distance 
Inner Dltuslon Zone 
WDIDZ 
Coatlng/Substrate 
: Interface 
, 
6 
Ancillary 
Node 
" 
'---~--~~CRSUB 
Cr(B) Cr(9) 
AI(B) AI(9) 
----~--~.~.ALSUB 
7 8 9 
As shown in the figure above, a unifoml concentration profi le was initially assumed to exist 
throughout the ODZ and each of the nodes was given the same concentration va lues as those 
of the bulk of the coating, fo r both AI and Cr. On the other hand, in order to reflect the 
concentration gradient ex isting between coating and substrate materials, a non-uniform profi le 
was in itiall y assigned to the IDZ. Concentration values for AI and Cr (Ni being the balancing 
element) were attributed to each of the IDZ nodes according to the fo llowing equation: 
c . = c . + c · - c . x - I + er - 2 + z X ( ) I ( ( (( 4 )))J ) ).co,,' P '" ) ,'00< 2 f NODESfDZ _ I j = AI, Cr [S.J6} 
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where: 
c),com = nominal concentration of) in the coating; 
Cj.sub = nominal concentration of) in the substrate; 
NODESIDZ = total number of nodes within IDZ; 
z = counter used by the computer program hav ing a va lue increased stepwise from 0 to 
(NODESIDZ-I ). 
The two ex treme values obtained fro m equation 8.16 are equal to C),conl and C).sub, and 
correspond to z = 0 and z = (NODESfDZ-I ), which are in turn respecti vely referred to as the 
outermost node (closest to the oxide/coating interface), and the innermost node (within the 
substrate) of the IDZ. All other values of node concentrations were calculated by means of 
equat ion 8. 16, and a llowed for a smoothl y varyi ng concentration profi le between the inner 
and outer node at the edge of the d iffusion zone. 
As shown in fi gure 8.4, at the ilmer end of the ODZ and at each ex treme of the IDZ, 
additional nodes were introduced, termed "ancillary nodes". They were used in order to a llow 
the central di fference equations, such as 8.8 and 8.1 0, to continue to be used fo r the nodes 
located at the very endpoints of the two di ffusion zones (i. e. nodes 1, 4 and 8 in figure 8 .4). 
The ancillary nodes initiall y located within the bulk of the coating (i.e. nodes I and 4 in figure 
8.4) were assigned the nominal coating composition for both di ffusing elements AI and Cr, 
and thi s condi tion continued to be applied until overl ap of the two diffusion zones occurred 
(see section 8.3 .3.4). The anci ll ary node at the inner end of IDZ, i.e. node 8 in figure 8.4, was 
instead given the substrate nominal concentration. Furthermore, each anci ll ary node kept its 
concentration value unchanged all th roughout the calculations, and Fick's laws of diffusion 
did not operate it upon. 
The node-numbering scheme adopted in the model is also shown in figure 8.4, where it 
should be noted that the total number of nodes belonging to each of the di ffusion zones does 
not include any anci ll ary nodes. Furthennore, node 0 always refers to the one located at the 
oxide/coating interface, whil st the other nodes are numbered in a sequential manner from that 
one. The width of the two diffusion zones, indicated as WDODZ and WDIDZ in figure 8.4, 
was initi all y assumed to be in the order of 0. 1 !lm. This ensured that a sufficiently small 
starting va lue for the node spacing was used during the initial stages of the d iffusion process 
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when the concentration gradients were sti ll steep. The following express ion was used to 
calculate the node spacing: 
where: 
L1A = node spacing; 
WD 
/';x =--
N-I 
WD = width of the diffusion zone; 
N = total number of nodes within the diffusion zone. 
8. 3.3.3 BOlllldQlY Conditions 
[8.17] 
The diffusion process described by the model developed in the present study was 
characterised by the presence of moving boundaries at both ends of the diffusion region, i.e. at 
the ox ide/coating interface and at the coatinglsubstrate interface . The movement of sllch 
boundaries lead in fact to an expansion or a contraction of the diffusion region at each time 
step, depending on the extent of diffusion which characterises the system being modelled. 
As in many high-temperature oxidation problems, boundary conditions were required in order 
to determine the new boundary concentrations at each iteration during calculations. Generally 
speaking, boundary conditions may be defined by either a fixed concentration or a changing 
flux condition. In the model developed in this study, the following constant concentration 
condition was used at the innemlost node of the grid, this being an anci ll ary node initially 
located within the IDZ: 
Cj = csllb [8.18] 
where: 
Cj = concentration at the ancillary node (within the substrate); 
Csub = nominal concentration of the diffusing element in the substrate. 
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The prevIOus assumption implies that the node in question was characteri sed by an 
equilibrium condition, the so lute removal and supply due to di ffusional transport being 
equally balanced in both directions. This approx imation is not thought to substantia lly affect 
the results of calculations, since the node involved is effectively located within the substrate, 
wh ich can be assumed not to undergo compositional changes as signi ficant as those which 
occur instead within the coating and across the coatinglsubstrate interface. 
The moving boundary at the ox ide/coating interface invo lves the receSSion, or indeed the 
di splacement of the outer surface of the coating, as a consequence of the oxide growth. 
Having assumed that oxidation would take place isothel111all y, and not cyclically, the 
boundary condition at the oxide/coating interface was obtained by the quantifi cation of the 
rate of AI consumption from the coating and of the Cr rejection from the ox ide. Under such 
conditions, the AI depletion is expected to occur uni formly, being inversely proportional to 
the square root of time. 
As a consequence of the AI consumption from the coating to f0l111 the AI20 ] scale, during 
oxidation the coat ing outer surface will shi ft inwards, i.e. towards the coatinglsubstrate 
interface . A cyclic ox idation model was previously developed in order to calculate the 
recesSIOn of the coating surface taking into account cyc li c oxidation, hence spallation, and 
such a model was later used within the COSIM model to implement the boundary condition at 
the oxide/coating interface. In th is study, under the assumption that the oxidative process is 
isothermal, the ox ide/coating interface recession was quantified by means of a paraboli c law, 
as fo llowsl94L 
where: 
z = oxide/coating interface recession; 
kc = rate constant fo r the recession of the alloy surface; 
t = time. 
[8.J9} 
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The rate constant kc is in turn related to two other important rate constants: one for the 
increase in oxide thickness (kox), and one for the increase in weight of a specimen due to 
oxygen pickup (kp ), by means of the following expressionsl94J : 
k =~( V,om )' xk 
, 2 vMW
02 
P 
where: 
VCOnl = molar volume of the alloy; 
Vox = molar vo lume orthe oxide; 
v = ratio of 0 ions to AI ions in the oxide (AhO}); 
MW01 = molecular weight of oxygen. 
[8.20J 
[8.21J 
[8.22J 
All of the above constants are temperature-dependent, and as in the case of the diffusion 
coefficients, there is a lack of avai lable data in the literature. This is the reason why the values 
of kc> needed during computations to calculate the surface recession for certain temperatures 
of interest, were obtained from the knowledge of kox. having calculated the latter from 
experimental values gathered on the variation of the ox ide thickness with temperature and 
time (see section 8.5.3 .2). 
Under the assumptions that oxidation progresses isothermall y, the ox ide/coating interface 
recession quantified by means of equation 8.1 9 is expected to be smaller than that related to 
cyclic oxidation. Thermal cycling can induce oxide spallation, which results in a greater AI 
consumption from the bulk of the coating, due to the f0n11at ion and thickening of the oxide 
scale, hence in a bigger surface recession caused by the loss of matter. The values of the 
oxide/coating interface recession predicted by this model, using equation 8. 19 at II OO°C and 
up to 1000 h exposure time (isothermal ox idation), have been compared to the ones output by 
the COSIM model for cycl ic ox idation conditions. For both sets of data, the same values of 
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coating composition and kp' s were used, these being the ones input into the COSIM model fo r 
calculations at I 100°C[80I. 
The results of this comparison are presented in figure 8.5, where it is possible to see that at 
velY short exposure ti mes the values predicted under isothenn al ox idation coi ncide with those 
obtained by the cyclic oxidation model. However, as time increases, the values tend to 
diverge, with the ones related to cycli c ox idation almost being twice as large as those 
predicted for isothennal exposure after 1000 h. It should be noted that in this study, fol lowing 
on from the assumptions made, the use of equation 8. I 9 coupled with 8.20 implies that the 
ox ide/coating interface recession depends only on the temperature of exposure (through kp), 
and on the characteristics of the specific ox ide and the coating under consideration (see 
equation 8.20). 
Figure 8.5 Comparison between values of coaling sUI/ace recession predicted by this model 
and by the COSIM model. 
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The molar vo lume of the oxide and the coating were ca lcu lated as follows: 
MW., V = . 
ox [8.23} 
Pox 
MW""" V
cOOt 
= -----''''''- [8. 24} 
P coat 
900 1000 
24 1 
where: 
MWo., = molecular weight of the oxide; 
Pox = density of the oxide; 
peom= density of the coating. 
It should be noted that the density of the coating was ca lculated assuming that the MCrAIY 
material could be regarded as a uniform and homogeneous ternary system, hence as an ideal 
so lid so lu tion with total so lubility between the components. Furthermore, assuming that the 
density of the diffusing elements would not change with temperature, the following 
expression was used to determine Peoal \1021; 
[8.25] 
P rom = ( ) ( ) ( . ) C/~oat AI ('001 N 1l'Oat 
IOO xpc, + IOO x P AI + IOO xPNi 
where: 
Creom, Aleoal> Nieoa, = nominal concentration of the respective elements within the coating 
[wt.%]; 
PCr, PAl, PNi = density of the respective elements at room temperature [glcm3]. 
The latter assumption is not thought to introduce substantial errors or approximations into the 
calculated values of peoa, because the eventual variation of the density of the diffusing 
elements with temperature will be negligible, since they are in the solid state within solid 
phases, and no state transitions are expected to occur within the temperature range of interest. 
From the knowledge of the surface recession z, it was then possible to deternline the rate of AI 
consumption l ox, which also represents the flux of AI which enters the oxide scale at time t. 
The following relationship ex ists between Z and Jo)8°,911; 
l o", = 
Z [8.26] 
PARVOLAL x ! 
where: 
PARVOLAL = partial molar vol ume of AI in the coating. 
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Due to the lack of available data fo r most alloy systems of interest, the parti al molar vo lume 
of AI in the coating was assumed by previous investigators to be independent of 
concentration[SOI, hence different from thi s study where the following expressIOn was 
used[56,91J : 
PAR VOLAL = (~/lcoal) 
Peoat X 100 
[8.27] 
Jo.n as previously defined in equation 8.26, is the flux of AI which enters the oxide from the 
left hand side (z +) as the scale thickens up, and is related to J AI, which is instead the flux of AI 
entering the ox ide/coating interface from the ri ght hand side (z' ), i.e. from the bulk of the 
ox ide sca le itself. Since the ox ide/coating interface moves with time, Jox is not equal to but in 
fact is greater than JAI, according to the following mass balance condition[SO,91L 
[828] 
where: 
z +, z· = left and ri ght hand side of the ox ide/coating interface, respecti vely; 
a = 
(1- PAR VOLAL x C~/ )' 
[wt.%J. 
wi th CAla = AI concentration at the ox ide/coat ing interface 
Equation 8.28 effecti vely represents the moving boundary condition for AI, to be appli ed at 
the ox ide/coating interface of the system being modelled, and allows for the fl ux J AI to be 
calcul ated as a fu nction of the AI concentration at the coating surface, CAt 
The situation described above is schematically illustrated in fi gure 8.6. In thi s figure, the 
pos ition of the origi nal ox ide/coating interface is labelled as 0 0 , to be di stinguished fro m IT, 
which instead corresponds to the new position assumed as a consequence of the oxide growth, 
hence of the surface recession z. The external ox ide surface is also shown, indicated as SS in 
the figure, together with the total oxide thickness Yox and the di fferent values of AI 
concentration as a function of distance from the ox ide/coating interface (i.e. ALINT at the 
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interface, ALCO in the coating bulk, AL(x) at a given point on the abscissa x, and ALOX 
which is the stoichiometric content of AI in the Ab O) scale). The AI concentration profi le 
represented in the figure high lights the near-surface so lute depletion condition, resulting from 
the outward diffusion of AI. 
Figure 8.6 Schematic representation of the oxideicoatillg intelface recession and the near-
sUlface depleted concentration-distance profile for Al. 
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The expression for Jox as a function of CA/ obtained from equation 8.28 was then used to 
detenni ne the va lue of the AI concentration at the oxide/coating interface, i.e. at node 0, by 
app lyi ng Fick's first law of diffusion, as follows: 
J =-D aCAI -D acc, 
AI z+ AI.AI ax AI.e, ax [B.29} 
The boundary condition for Cr stems instead from the assumption that thi s e lement is not 
consumed during the oxide formation, hence it must move away from the receding 
oxide/coating interface and diffuse towards the bulk of the coating. The following 
expression[80,91] was used in order to ca lculate the Cr concentration at the oxide/coating 
interface (node 0) : 
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J I --D aCAI -D acc, -co x az 
er : + - er. AI a er.er a - er .... 
X X ot 
where: 
Jc, = flux of Cr leav ing the oxide, and therefore entering the coating; 
cc,o = Cr concentration at node 0; 
z = oxide/coating interface recession; 
az 'd / . . Cl' 
- = OXl e coatIng Interlace ve OClty. 
al 
[8.30] 
From the knowledge of the rate constants for the oxidation process, the increase in weight of a 
specimen per unit area due to oxygen pickup CLll¥j, and the total oxide thickness CYax) after a 
given time I of exposure could be calculated as follows(94(: 
[8.31] 
[8.32] 
8. 3.3.4 The Expansion of the Diffusion Zon es: Murray Landis Transformation and Soft 
Jmpingemelll 
As a consequence of both the oxide growth and the interdiffusion taking place between the 
coating and the parent material after themlal exposure for a given time, the Al and the Cr 
concentration profil es across the outer and the il1l1er diffusion zones are expected to behave as 
shown schematically in fi gure 8.7. The concentration profiles ill ustrated highlight the Al 
depletion which is expected to be observed in the region adjacent to the oxide/coating 
interface, along with the Cr enriclullent due to the rejection of such e lement from the 
thickening oxide scale. 
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Figure 8. 7 Concentration profiles Jor AI and Cr after shartthermal exposure. 
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As in prior models[56,80,91 1, a flexible nodal grid was used to allow for the expansion and/or 
contraction of each di ffusion zone, according to the ex tent of oxide/coating interface recession 
and coatingisubstrate interd iffusion, which are bound to occur upon oxidation, In order to 
acco unt for the oxide growth and the outer boundary motion, the grid was shifted at each 
iteration an amount proportional to the oxide/coating interface recession z, co rresponding to a 
given exposure time t (see equat ion 8. 19). Likewise, an adjustment was required also for the 
concentrations at each node present within the ODZ, in accordance with the new position 
related to the shi ft 0 f the coating outer surface . 
The concentration at each node was therefore appropriately changed by means of the so-called 
" Mun-ay-Landis" (M-L) transformation, which has been ex tensively used in the past, as part 
of simi lar moving boundary problems characteri sed by fl ex ib le grid schemes[45,79,80,911. In its 
most general foml , i. e. accounting for one moving boundary at either end of each diffusion 
zone, the M-L trans formation is given as followS[56,I 03L 
C I+1 =c l + (c;. I- cj+l) X(((I- j) l n)xM1 +(j ln)xM, ) 
J J 2& j = / ,2 . ... , 11 [8.33) 
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where: 
n = total number of nodes within the diffusion zone of interest; 
ct ' = new concentration at node) iteration i+ 1, after app lying the M-L transformation; 
cj = concentration at node) iteration i, before app lying the M-L transformation; 
M , = sh i ft of the outer boundary corresponding to current 6t; 
M z = shift of the inner boundary cOITesponding to current 6t; 
L1x = node spacing. 
In figure 8.8, it is possible to see an example of the way nodal concentration changes in the 
ODZ before and after Murray-Landis transformation is applied. It should be noted, for 
instance, that node 0 located at the oxide/coating interface, i. e. on the moving boundary, does 
not undergo any transformation, having been previous ly subjected to a change in position 
according to the shi ft of the coating outer surface, and to a change in concentration according 
to Fick's first law of diffusion (equation 8.29). Further, the ancil lary node in the ODZ always 
maintains the nominal coating composition, both in telms of AI and Cr, although its position 
is modified by the Murray-Landis transfomlation. 
Figure 8.8. The effects of Murray-Landis transformation on the ODZ nodes. 
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After the M-L transforn1ation was appl ied to the ODZ, its total width was increased an 
amount equal to the current node spacing within such a zone, with the number of nodes 
remaining unchanged. A new value of the node spacing was therefore calculated each time the 
M-L transformation was perforn1ed, according to the newly determined width of the diffusion 
zone. Such a technique, however, allowed fo r an expansion of the di ffusion zone if the ex tent 
of the di ffus ion taking place was judged to be signjficant, i.e. if the concentration (either AI or 
Cr) of the ancillary node (i .e. innermost end of the ODZ) differed by a certa in an10unt from 
that of the adjacen t node. In the present study, a difference of at least 0.005 wt.% was 
ass umed to be signjficant to allow fo r the use of Murray-Landis transfonnation. It should be 
noted that by varying such a value, for example between 0.002 and I wt.%, a di ffe rent 
number of iterations would be required by the computer programme in order to reach the total 
oxidation time input by the user. 
If smaller values are chosen for the difference in concentrations required to apply M-L 
transforn1ation (e.g. 0.002 wt.%), it becomes increasingly more li kely that such a 
transformation is applied. This in turn would result in a flllther expansion o f the di ffusion 
zone, hence in an increase of the node spacing and of the time interval Lll . On the other hand, 
if greater values of the di fference in concentrations are adopted (e.g. I wt.%), the program 
wi ll perforn1 the M-L transfo rn1ation less frequentl y, possibly leading to a contraction of the 
whole d iffusion zone. This can be explai ned by considering that the oxide/coating interface, 
representing the outermost moving boundary of the system, will continue to advance inwards 
at each iteration, acco rding to the magnitude of recession z. The same is not necessarily true 
fo r the other moving boundary (i.e. the ilmer one), which wo uld not undergo a shi ft unless the 
M-L transforn1ation is applied. 
The Murray-Land is trans forn1ation was also applied to the lDZ in a similar manner. The 
concentration values at each node were adjusted according to equation 8.33 , if a signjficant 
di fference in composition (either Al or Cr) was detected between one of the ancillary nodes 
and its adjacent one. In the lDZ, as opposed to the ODZ, the expansion could occur at either 
ends of the zone, i.e. into the coating (outer end of the IDZ) or into the substrate (ilmer end of 
the lDZ), dependjng on where a signj ficant concentration change had occurred. As for the 
ODZ, the total width of the lDZ was increased by an an10unt equal to the current node 
spacing within the zone. 
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Since the total width of the diffusion zone was modified after applyi ng the M-L 
transformation, a new val ue o f the time increment LIt was calculated, still using the minimum 
node spaci ng value according to equation 8. 1 S. For all calculation steps throughout each 
iteration within the model, however, the same value of time increment was used, this being 
the smaller among the values determined fo r the outer and the inner diffusion zones. Such a 
procedure was adopted in order to enSllre that a lthough the IDZ and the ODZ might have a 
different number of nodes and node spacing, the total ox idation time was always identical for 
both zones. 
As shown in figure 8.7, after shol1 themla l exposure the IDZ and ODZ are expected to remain 
separate, but with increasing time, diffusion and interdiffusion between the coating and the 
substrate wil l become increasingly more significant, resulting in the two diffusion zones 
further expanding until they will eventuall y overlap within the coating. Such a phenomenon is 
commonly referred to as "soft impingement", and in this model it effectively occurred when 
the following condition was sati sfied: 
WfDTHODZ + WfDTHfDZ ;:: COATTHICK 
where: 
WfDTHODZ = width of the ODZ; 
WfDTHIDZ = width of the IDZ; 
COATTHICK = coating thickness . 
[8.34} 
Once soft impingement had occurred, the two diffusion problems, initia lly related to the 
oxidation in the ODZ and to the interdiffusion in the IDZ, could no longer be so lved 
independently. In the present model, the overlap of the two diffusion zones was accounted for 
by appropriately combining them, and continuing the simulation with one single zone and a 
unique concentration profile (for AI and er), extending across the who le coating and into the 
substrate, as illustrated schemati cally in figure 8.9. 
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Figllre 8.9 Concentration profiles/or AI and Cl' after soft impingement . 
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The ODZ and the IDZ were merged together by addi ng up their current widths, and 
eliminating the portions of the zones and the nodes which had effectively overlapped. The 
single zone defined as a resu lt of this operation may contain a lower number of nodes than the 
total sum of those in itially present within each of the two diffusion zones. A new node 
spacing, hence a new value of the time increment, was calculated after soft impingement had 
occurred. Both, the boundary condition at the oxide/coating interface and the one in the 
substrate remained the same, as stated in equations 8. 18 and 8.28. AI consumption due to 
further oxide thickening continued to cause a recession of the coating surface, and di ffusion 
into the substrate would result in the expansion of the single diffusion zone if the M-L 
transformation were applied according to the criterion previous ly discussed. 
8.3.3.5 End 0/ Model Iterations 
The computational process described so far continued to be iterated until the desired exposure 
time, input by the user, was reached. Alternatively, the program would output 
concentration/d istance profiles when a predetermined failure criterion had been satisfied. In 
the present model , as mentioned in section 8.3.3.1, such a fail ure critelion was associated with 
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a critical AI concentration at the oxide/coating interface (cAl), sll1ce the coating life IS 
primarily re lated to the ability to promote AI20 ) formation. 
An AI content varyi ng between 0 and 5 at % could typ icall y be assumed as being criti ca l for a 
MCrAIY, hence signalling the onset of its failure[45,80l, A greater value of the criti cal AI 
content at the outer surface of the coating will result in a shorter life being predicted by the 
model. This, in turn, will affect operating regimes, hence ensuring more limited margins of 
ri sk during a life assessment procedure, or while planning maintenance operations and repair 
strategies for a specific coated component in service. 
Indeed, the fa ilure condition is decided by the user, mainly depending on the type of system 
on which the degradation process is being simulated, and therefore by considering which 
condition could be regarded as the one that wi ll most probab ly correspond to the end of 
service life fo r that speci fic materi al. The experimental ev idence gathered in thi s study, for 
exanlple, showed that in the DCT6 E6 sample, exposed at 1050°C fo r 10,000 h, a thick oxide 
layer was sti ll present, wi th a measured AI concentration at the ox ide/coating interface of 
approximately 2.2 wt. %, as later shown on figure 8.28 . 
Compared to DCT6 E5 (5000 h, 1050°C), the DCT6 E6 sample appeared to have undergone a 
significant increase in the ox ide thickness, wi th a corresponding relati vely small drop in the 
AI concentration at the ox ide/coating interface (from 2.6 wt. % in DCT6 E5 to 2.2 wt.% in 
DCT6 E6) . This in turn indicated that despite the long exposure time at such a high 
temperature, which had indeed enhanced the AI diffusion and its depletion from the bulk of 
the MCrAIY, thi s was still able to suppl y AI to the protecti ve oxide scale, hence it had not still 
reached the end of its useful life. 
Ifa failure criterion were to be chosen for AMDRY997, it should therefo re be associated with 
a cri tical AI content below 2.2 wt. %, fro m the considerations prev iously highlighted. 
However, in order to deteml ine a more precise value, further experimental investigations 
wo uld be required, perhaps at longer thennal exposure times than those carried out in this 
study. This wo uld allow additional monitoring of the vari ation of the ox ide thickness with 
time and temperature, and hence a more accurate assessment of the rate of Al supply to the 
oxide from the coating in question. 
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8.3.4 Description of the Fortran Compllter Program 
The following input variables were required by the program In order to perfoml all the 
necessary calculations for the desired outputs: 
• oxidation time at which output is desired; 
• AI and Cr concentrations in the coating; 
• AI and Cr concentrations in the substrate; 
• interdiffusion coefficients for AI and Cr in y-Ni at the oxidation temperatu.re; 
• AI, Cr, Ni and AI20 3 densities at room temperature; 
• AI, Cr, Ni and AI 20 3 molecular weights; 
• kp, the parabolic rate constant for increased weight of sample due to oxygen pick-up at the 
oxidation temperature; 
• initial coating thickness; 
• total number of nodes in the ODZ and in the IDZ; 
• initial width of the ODZ and the IDZ; 
• critica l AI concentration at the oxide/coating interface, if a fai lure criterion is used. 
The computer program initially performs a senes of preliminary calculations, which are 
summarised in the flow chart presented in figure 8.1 0. 
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Figure 8.10 Flow chart showing the sequence of preliminOlY calculations pe/fo rmed p rior to 
main loop of program. 
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First, the initial values for the node spac ing in both the ODZ and the IDZ were detennined 
applying equati on 8. 17. The minimum time increment was then calc ulated, according to the 
stability criteri on, hav ing prev iously detem1ined the max imum di ffu sion coeffi cient and the 
mi nimum node spacing, i.e. the smaller of those related to the ODZ and IDZ respecti ve ly. 
These steps were fo llowed by the defin it ion of the initi al concentration profiles fo r AI and Cr 
within each of the di ffusion zones, an example of which is given in fi gure 8.11 , in relation to 
the AMDRY997/DCT6 system. [n thi s case, 30 nodes were chosen for the ODZ and 40 for 
the IDZ, w ith an initial coating thickness of lOO f1m . It should be noted that the shape o f the 
initial concentration pro fil es defined for the two diffus ing elements in ODZ and IDZ does not 
depend on the ox idation temperature, but o nly on the nom inal compos itions of the coating and 
the substrate in terms of AI and Cr. 
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Figure 8.11 In itial concentration profiles calculated by the model for AMDRY997/DCT6 
sysrem. 
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After completing the preliminary steps described above, the computer program starts 
performing the iterative calculations contained within the main loop, the flow chart of which 
is reported on fi gure 8. 12. Fick's second law of diffusion was first app lied to the nodes in the 
IDZ, followed by the Murray-Landis transformation if the difference in concentrat ion (either 
AI or Cr) between at least one of the ancillary nodes and its adjacent one was found to be 
greater than 0.005 wt.%. The oxide/coating interface recession was then determined, and the 
position and concentration of the ODZ nodes appropriately adj usted by means of the Murray-
Landis transfonnation. 
A new value of the node spacing, hence of the time increment, was calculated, followed by 
the determination of the flux of AI entering the oxide and the AI and Cr concentrations at the 
outer surface of the coating. At each iteration, if a critical AI content was input by the user, it 
was compared to the AI concentration at the oxide/coating interface to check whether the end 
of life criterion had been satisfied. If so, the iterations would stop and the computer program 
would output the results, otherwise additional calculations wou ld be perfomled. 
Fick 's second law and the Murray-Landis transformation were app lied to the ODZ nodes in a 
similar manner to that described for the IDZ. At the end of each loop, the soft impingement 
cri teri on was also checked and, ifit was sati sfied, a new single zone was defined. 
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Figure 8.12 Flow chart illustratillg the maill loop oJ program. 
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This iterative process was repeated as long as the cumulative time (TIME) elapsed up to the 
current time increment at each loop was not greater than the total ox idation time (TOUT). 
8.3.4 Critical Parameters and COllstants Used With in the Model 
Ln the fo llowing paragraphs, a detai led description is given orthe procedure used to detennine 
the diffusion coefficients for AI and Cr in Ni-y, and the parabolic rate constant kp (defined in 
section 8.3.3.3) at the temperatures of interest for thi s study, i.e. at 850, 950 and 1050°C. It 
should be noted that these parameters are amongst the list of inputs for the model, hence they 
were ca lculated outside the main loop of programme. Furthennore, the choice of the 
numerical constant used within the stability criterion (see equation 8.15) is also di scussed. 
8.3. 5.1 The TernQlY Illlerdiffusiol1 Coefficients for the Ni-C,'-AI System 
The knowledge of the interdiffusion coeffici ents for the key-diffusing elements (i.e. AI and 
Cr) in y- li was required at 850, 950 and 1050°C, these being the temperatures at which 
experimental data were gathered to va lidate the model predictions. An Arrhenius-type 
temperature dependence was used m order to calculate all four interdiffusion coefficients 
( D AIAI, D Crcr. D AIC" and D CrAI) , which can be written accordingly as fo llows[l 4L 
where: 
Do = pre-ex ponen tial factor; 
Q = activation energy for the related diffusion coefficient Dij; 
R = universa l gas constant; 
T = abso lute temperature at which diffusion occurs. 
{8.35] 
It should be noted that equation 8.35, above, does not account for any concentration-
dependence of the interdiffusion coefficients, consistent wi th the assumptions made for the 
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development of thi s model. Indeed, it is generally accepted that the variation of each 
diffusivity term is primarily influenced by temperature, rather than by compositional changes. 
The values of the on-diagonal interdiffusion coefficients (DAIAI and D c rc r) at the temperatures 
of interest were detennined by substituting into equation 8.35 the following va lues fo r Do and 
Q, avai lable in literature in relation to the intrinsic diffusion of AI and Cr in pure Ni li04L 
AlinNi: 
Q = 260 kJmor i ; 
Cr in I: 
1n contrast, no data were availab le in li terature for the activation energies and the pre-
exponential fac tors of the off-diagonal interdiffusion coefficients (i.e. D AICr and D CrAI) . In 
order to determine D'I/o-, the polynomial correlations presented by esbitt et a/196] were first 
used to calculate the interdi ffusion coefficient in question at 1100 and I 150°C, for 
AMDRY997. The nominal concentrations of AI and Cr in thj s coating CAI and CCr respectively 
were therefore substituted into the following equationsl96L 
D AICr = 0.0116 + 0.0923cAI - 0.001 OCcr + 0.000 1 6c~1 + 0.00002c~r 
I 150°C: 
D AICr = 0.0242 + 0. 1773c AI - 0.0043cCr + O . 0067c~1 + O.OOOl c~r 
[8. 36J 
[8.37J 
Each of the calculated values determined fo r D ,1/Cr were then equated to the corresponding 
Arrhenius-type expression, i.e. to the terms on the right hand side of equation 8.35, ob taining 
the two following equations: 
[8. 38} 
[8.39} 
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where T, and T2 refer to 11 00 and 1 150°C respectively. By solving equations 8.38 and 8.39 
simultaneously, it was possible to determine the unknown variables, i.e. Do and Q related to 
D AICn these being respectively equal to 6.999 x 10-4 cm2s·! and 225.016 KJmor!. The values 
obtained could then be used to determine the interdiffusion coefficient DAICr at the other 
desired temperatures. 
A similar procedure to the one described above was also applied in an attempt to compute the 
acti vation energy and the pre-exponential factor related to DCrAI, but calculations were not 
conclusive in that they led to a system of two equations with no possible real numerical 
solutions. For this reason, D CrAI was assumed to be half the value of D Crcn as suggested by 
Nesbitt et ai, who analysed the variation of D AlerlD ctct with Cr concentration[96[ . 
The possibility of small errors affecting the values calculated for the interdiffusion 
coefficients so far discussed, however, cannot be ruled out. The on-diagonal terms (DAIAI and 
D etcr), for example, were determined using data obtained from self-di ffusion of e lements in 
binary systems (N i-A I and Ni-Cr). Therefore, in each case the interactions with the missing 
dirfusing element were not accounted for, and thi s might have affected the accuracy of the 
values. Furthennore, the off-diagonal diffusion coefficients might have suffered from the 
approximations underlying in the procedures followed for their calculation, which is more 
likely in the case of D c,,!/. 
The accuracy and reproducibility of all concentration-independent ternary interdiffusion 
coefficients for AI and Cr in y-Ni at 850, 950 and 1050°C calculated in this study, and 
summari sed in tab le 8. 1, could conclusively be assessed by validating such va lues against 
those experimentally measured by means of appropriate diffusion-couples. However, this was 
beyond the scope of the present work. 
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Table 8.1 Calculated values of the ternwy interdiJJusion coefficients of Al and Cr in y-Ni. 
850°C 950°C lOSO°C 
DAIAI (ern-s-' ( 8.0549 x 10-13 7.8510 x 10-12 1.2336 x 10- 10 
DAIC, [ern-f ') 2.3889 x 10-14 1.7147 X 10-13 0.0192 X 10-10 
D c,c, [ern-s- ') 2.4506 x 10-13 2.6530 x 10-12 0.7872 x 10-10 
DC'AI(ern's- ' ( 1.2253 x 10-13 1.3265 x 10-12 0.09 19 x 10-10 
The influence of each of the interdiffusion coefficients on the model predictions was assessed 
by means of a number of sensitivity studies perfomled on AMDRY997fDCT6 system, with 
the oxidation temperature and time respectively equal to 1050°C and 100 h. In order to 
evaluate the role played individually by each of the interdiffusion coefficients, model 
calculations were carried out by varying one of them at a time, keeping the others unchanged . 
First, the interdi ffusion coefficient valid for 1050°C was used (see tab le 8. 1), fo llowed by 
another two values obtained by reducing the original one by 20 and 40 % respectively. 
Figures 8. 13 and 8.14 show the resulting concentration-distance profiles fo r AI and Cr as a 
function of the on-diagonal and off-diagonal interdiffusion coefficients, respectively. It is 
possible to see that the influence of D AIAI on both the AI and the Cr concentration-distance 
profiles output by the model is much more pronounced compared to that of the other 
interdiffusion coefficients. Furthemlore, the Al nodal concentrations seem to be more affected 
by a change in D AIAI than the Cr counterparts are. As can be seen from figure 8.14, on the 
other hand, the off-diagonal interd iffusion coefficients have a negligible influence on the 
resulting model predictions fo r both AI and Cr. 
The results of these sensitivity tests suggest that D AIAI is probably the most influential 
interdiffusion coefficients amongst all four, and since it is usually greater than the others, it is 
also the one used to compute the time increment by means of equation 8.15, discussed in 
section 8.5 .3.3. It should also be noted that D AIAI detemlines the rate of Al diffusion and 
consumption from the bulk of the coating, hence it directly affects the oxidation kinetics and 
the boundary condition at the oxide/coating interface, through the fluxes Jox and JAI. All of 
these factors are indeed the ones on which the predicted concentration-distance profi les 
strongly depend. 
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Figure 8. J 3 Influence of a) DAIAlon tlte AI concentration-distallce profiles, b) D,f{AI 0 11 tlte Cr cOllcelltration-distance profiles, c) DCrcr on the A I 
concentration-distance profiles, d) Dc-.cr on tlte Cr concentration-distance profiles (AMDR Y9971DCT6, 105(fC- 100 It). 
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Figure 8.14 IlIfluellce of a) DAle,. 0 11 the AI cOllcelltratioll -distallce profiles, b) DAle, 0 11 the Cr cOllcelltratioll -distallce profiles, c) DO'AI 0 11 the AI 
cOllcelltratioll -distallce profiles, d) De,AI 0 11 the Cr cOllcelllratioll -distallce profiles (A MD RY997IDCT6, I 05(fC- IOO h) . 
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S.3.5.2 The rate constants/or the oxidation kinetics 
The rate constant kp for the increase in weight of a specimen due to oxygen pickup also had to 
be input into the computer program to allow other critical variables, such as kox and kc, and 
other quantities to be detemlined. In the literature no data appeared to be available for kp at 
the temperatures of interest for this study, and va lid for isothermal oxidation conditions, 
therefore values of kox were determined experimentall y, and subsequentl y used to calculate 
the related values of kp using equation 8.22, as explained below. 
Experimental measurements of the oxide thickness were performed using the FEGSEM on 
several points of samples which had previous ly been heat treated at 850, 950 and 1050°C for 
various exposure times. However, since the results output by this model were validated 
against experimental data gathered from DCT6/ AMDR Y997 samples thennall y exposed for 
5000 and 10,000 h at 850, 950 and I 050°C respectively, only the experimental data related to 
such samples were used to calculate the rate constants ko.T• The oxide thickness values 
measured on each of these samples were first averaged and subsequently substituted into 
equation 8.32, which was rearranged to obtain the kox values associated with a specific 
temperature and time of exposure, as follows : 
k = Yo~ 
0' (21 ) [8.40} 
For each temperature, the values of kox so obtai ned were averaged, and the resulting one was 
substi tuted into equation 8.22 to calculate the corresponding kp by means of the following 
expressIOn : 
[S.4I} 
The values of the rate constants, kox and kp, obtained in th is study and subsequently used for 
model simulations at 850, 950 and I 050°C, are all summarised in table 8.2. 
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Table 8.2 Values of kox alld kp calculated in this s tudy for various temperatures. 
Temperature rCl kox (average) [cm-s-I) kp Img-cm-4h-I) 
850 7.367 x 10-7 4.670 x 10-5 
950 1.842 x 10-6 1.1 71 x 10-4 
1050 3.794 x 10-5 2.404 x 10-3 
The val ues of the predicted and experimentally measured oxide thickness, at a gIVen 
temperature and fo r various exposure times, are compared in fi gu re 8. 15 . Model calculations 
were carried out using equation 8.32, using the values of kox presented in table 8.2. It is 
possible to see that at the three temperatures considered, and especiall y at 1050°C, there is 
good agreement between the predictions and the experimental measurements for the oxide 
thickness values related to 5000 and 10,000 h exposure. This is mainly due to the fact that the 
rate constant kox was detemlined using the experimental values at each temperature and for 
these periods of time. 
In contrast, for exposure times shorter than 5000 h the model predictions are not in very good 
agreement with the experimental data related to 850 and 950°C, showing in fact a deviation 
from the predicted parabolic-type oxide thickening behaviour. This indicates that for such 
lengths of time, the oxide growth process is poss ibly not very well described by means of a 
parabo li c law, typ ically applicable to isothenllal oxidation conditions. 
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Figure 8.15 Comparison between predicted and measured oxide thickness values Jor various 
exposure times at a) 85(/'C, b} 95(/'C, and c) I 05(/'C (A MDR Y99 71DCT6 system). 
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However, as previously mentioned in chapter 7, the experimental investigations performed on 
each of the thermally exposed coated samples used for this study provided evidence of the 
presence of an ox ide layer characterised by a non-uniform thickness along the entire outer 
surface of the coating. Some regions appeared in fact to have possibly undergone spallation, 
or to have perhaps been subjected to an oxide growth progressing at a rate slower than in 
other areas of the sample. 
Furthemlore, experimental evidence wo uld suggest that the initial coating thickness, i.e. prior 
to thermal exposure, was not identical for a ll of the heat treated DCT6/AMDRY997 samples. 
Although not experimentally ascertained, because of the initial characterisation of only a 
small number of bars, it is believed that the 950°C series, in particular, was ini tially 
characterised by a coating th ickness much smaller than that of its 850 and 1050°C 
counterparts. It is expected that the oxide thiclmess should decrease with the thickness of the 
coating, owing to the more limited AI reservoir avai lable for the growing scale. For these 
considerations, measurements of the ox ide thickness gathered in this study were affected by a 
certain degree of uncerta inty, and thi s might have influenced the results of calculations for the 
rate constants to some extents. 
[t is also believed that the samples on which the experimental measurements were perfomled 
might have been affected to a limi ted extent by thermal cycling, due to some power outages 
which occurred during the heat treatment stages. This could explain the reason why the oxide 
layers on the various samples showed a non-uniform thickness, and thei r growth under certain 
conditions did not reflect well the expected parabolic behaviour. 
At 1050°C, as can be seen from figure 8. 15 c), the experimentally observed kinetics of oxide 
growth appears almost parabolic, hence the value of k" calculated at this temperature from the 
corresponding kox should be expected to be more reliable and accurate than the 850 and 950°C 
counterparts. The kp values related to such temperatures should indeed be treated with some 
caution, since they were determined using kox va lues which, as previously highlighted, did not 
lead to predictions which were in good agreement wi th the experimental observations for the 
whole range of conditions analysed. It is also possible that at the lower temperatures of 850 
and 950°C the oxidation kinetics could be affected by the presence of additional phases within 
the coating which persist to much longer times. 
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It should be noted that kp is a crucial parameter within the model as it directly influences the 
predicted oxidation kinet ics. Higher kp values will resu lt in greater ox ide/coating interface 
receSS IOns, faster oxidation rates and larger AI consumptions being predicted by the model, 
and hence in smaller AI concentration values at each node within the grid. To further 
highlight the influence of kp va lues on the calculated AI concentration/di stance profiles, the 
results of some of the sensiti vity studies carri ed out using the model on the 
AMDRY997IDCT6 system are shown in figure 8.16. 
The two concentration profiles shown in figure 8. 16 mainly differ at, and in the vicinity of, 
the oxide/coating interface. Indeed, thi s is expected since the value of kp directly affects that 
of the rate constant kc which is needed to determine the movement of this interface and the 
concentration of the node located on it. Further away from the oxide/coating interface, i.e. 
towards the bulk of the substrate, the di fference in the va lues of the node concentrations start 
levelling out, and eventually disappear. 
For these calculations, a temperature of 1 050°C was chosen, with an oxidation time of 100 h, 
an initial coating thickness of 100 flm, and two different values of kp , I x 10-3 and 
2.404 x 10-3 mg2cm-4h-1, the latter being the one used in thi s study for all simulations 
perfomled at this temperature. The rate constant kp, although indirect ly, is a lso expected to 
affect the node spacing, hence the time increment values used at each iteration, since it 
determines the shift which all the nodes undergo as a result of the ox ide/coating interface 
recessIOn. 
Figure 8.16 Influence ofkp 011 predicted AI concentration-distance profiles (105rf'C-100 fI). 
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8.3.5.3 The Stability Criterion and the Time Increment 
In addition to the ternary interdiffusion coefficients and the rate constants previously 
discussed, the time increment also plays a crucial role with regard to the outcome of model 
calculations. The values of LIt were calculated at each iteration by means of equation 8.15, 
which was directly derived from the stabi lity criteri on (equation 8. 14). The latter does not 
have a unique fomlUlation, in that va lues other than 0.25 could indeed be chosen for the 
numerical constant which appears on the right hand side of equation 8. 14, hence leading to 
different values of the time increment. 
It should be noted that in equation 8.15, as the value of Dmax reduces with decreasing 
oxidation temperature (see values of Dij from table 8.1), the corresponding time LIt increment 
can become excessively large. This cou ld alter rather significantly the results of calculations, 
lead ing to some degree of scatter or unacceptable oscillations in the predicted concentration-
distance profiles. It is therefore extremely important to be able to keep the LIt va lues 
sufficiently small even at low temperatures, and this can be done by appropri ately choosing 
the value of the numerical constant for equations 8.14 and 8.15 . This, in fact, is the only 
parameter in those equations which can be suitably altered, since the others either depend on 
the oxidation temperature (such as Dmax), or are directly derived from model calculations 
(such as Lixmin). 
The choice of the most appropriate constant to be used in equations 8.l4 and 8.l5 should be 
made by trying to ensure that the corresponding numerical solutions to Fick 's laws provided 
by the finite difference equivalent expressions are always convergent to the so lution of the 
partial differential equations. The results output by the model, for example in tenns of 
concentration-distance profi les for the key-diffusing elements, should therefore show no 
change as a result of small variations in the value of the numerical constant chosen for 
equations 8.14 and 8.15 . 
In this study, several calculations were perfomled using di fferent va lues of this numerical 
constant, in order to detennine its optimum value. These calculations also allowed for an 
assessment of the influence that thi s numerical constant, and hence the corresponding time 
increment, had on the predicted concentration-distance profiles for AI and Cr under specific 
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temperature/time conditions. Figure 8. 17 shows the resu lts of some of the sensitivity studies 
performed on the AMDRY997fDCT6 system, using di fferent values of the numerical 
constant, with the interdiffusion coefficients obtained by means of the polynomial correlations 
provided in li terature for I 100°C, an initial coating thickness of 100 Ilm, and with the rate 
constant kp equal to 2x 1 0.3 mg2cm-4h·], as in COSIM for the same ox idation temperature[801 
A good degree of convergence to the same numerica l values was observed fo r the Al and Cr 
concentration-di stance profi les obtained using 0.06, 0.065, and 0.07 as the constant, which 
appears in equation 8.15, employed to compute LIt. A value of 0.07 was therefore thought to 
be acceptab le, and was subsequently utilised throughout all model calculations performed in 
tlus study. The results of these calculations also suggested that, as expected, the value of the 
time increment played a major role in the resulting model predictions, since it was embraced 
within Fick's second law and used at each iteration to determine the nodal concentrations. 
Figure 8.17 Influence of the numerical constant of the stability criterion 011 the predicted a) 
AI and b) Cr concentration-distance profiles (JIOrtC-1000 h, AMDRY9971DCT6 system). 
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8.3.5.4 The inilial COOling Thickness 
The value of the initial coating thickness input into the computer program was found to be 
another parameter which affected the outcome of model calculations as expected, and can be 
seen in figure S.IS below. This figure shows the concentration-distance profiles for AI and Cr 
obtained by the model for the I 050°C-1 000 h temperature-time conditions in all cases, but 
with different values of the initial coating thickness, i.e. 100 and 200 pm. 
Figure 8.18 influence 0/ the initial COOling thickness on predicted a) AI and b) Cr 
concentration-distance profiles (105(fC-IOOO h, AMDR Y9971DCT6 system). 
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The resu lts of calculations presented in figure 8.IS clearly indicate that the nodal 
concentrations and the width of the diffusion zone predicted by the model , for both AI and Cr, 
increase with the initial coating thickness. This is thought to be caused by the fact that 
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diffusion phenomena were simulated across a wider regIon, therefore the rate at which 
depletion of the diffusing elements occurred was lower. It should also be noted that greater 
node spacing values are associated with larger initial coating thicknesses, which gives rise to 
higher time increments (see equation 8.1S). As LIt increases, in tum, greater nodal 
concentrations wi ll be obtained at each iteration, according to Fick ' s second law. 
8.3.6 COllcelltratioll-Distallce Profiles/or Al (lIId er Output by til e Model 
Concentration-distance profiles for AI and Cr in the AMDRY997/DCT6 system were 
predicted by the model at 850, 950 and 10SO°C, with oxidation times equals to 5000 and 
10,000 h for each of these temperatures. The values of the interdiffusion coefficients and the 
oxidation rate constants calculated in thj s study, and presented in previous sections, were used 
as appropriate for each model computation. Unless otherwise stated, the initial thickness of 
the coating input into the computer progranl was equal to 100 f.un for all computations. 
Furthermore, a unique stability criterion was applied in all cases, with the numerical constant 
on the ri ght hand side of equations 8. 14 and 8.IS being always 0.07. This would ensure that 
all model outputs, for the different time-temperature conditions, would not be affected by any 
dissimilarity in the way the time increment values were calculated, and could therefore be 
compared on the basis of the same set of equations being used within the computer program. 
The resu lts of such calculations for each of the di ffusing elements are presented as a function 
of temperature, at given times of exposure in figure 8. 19. The plots shown in figures 8.20 and 
8.21 refer to the same set of data as those in figure 8.1 9, but show for each diffusing element 
the variation of the corresponding concentration-distance profile as a function of oxidation 
time, at given temperatures. 
As expected, the concentration values predicted for Al and Cr at a given oxidation time 
decrease as the temperature of exposure increases. However, as can be seen fro m figure 8. 19 
a) and b) , the difference between the AI concentration-distance profiles at 850°C, both for 
SOOO and 10,000 h exposure, and those obtained for the other two temperatures is more 
significant compared to the one observed between the AI concentrations predicted at 9S0 and 
those at 10SO°C. The same trend can be seen for Cr on figures 8.19 c) and 8. 19 d), although 
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the concentration-distance profiles at the higher temperatures appear to be slightly closer than 
for AI. 
At 850°C, the model sti ll pred icted a positive AI concentration grad ient between the bulk of 
the coating and the substrate for both diffusing elements after 5000 and 10,000 h exposure, as 
shown in figures 8. 19 a) and 8.19 b) . On the other hand, as the nodes reach the AI 
concentration of the substrate, the shape of the curves changes, showing a compositional 
gradient between the bulk of the coating and the substrate region which gradually tends to 
become negati ve (see figures 8.19 a) and b), for 950 and 1050°C). This is due to the fact that 
the boundary condition at the oxide/coating interface wi ll always result in a near-surface 
depleted concentration profile for AI being predicted by the model at any time/temperature 
condition to account for the continuous growth of the oxide scale. AI was indeed assumed to 
be constantly supplied to the oxide layer initially by the coating, and eventually by the 
substrate when the AI content of the coating had been sufficien tly depleted , as expected. 
The concentration-distance profiles for Cr at 850°C shown in fi gures 8.19 c) and 8.19 d), are 
characterised by a positive concentration gradient between the bulk of the coating and the 
substrate, as well as between the region adj acent to the outer surface of the coating and the 
bulk of the coating itself. This is a consequence of the underlyi ng assumption in this model in 
relation to the boundary condition appl ied for Cr at the oxide/coating interface, in that this 
element was assllmed to be rejected by the growing ox ide sca le and to be diffusing in one 
direction only, i.e. towards the substrate. The Cr concentration-di stance profiles predicted for 
5000 h exposure, at 950 and 1050°C (see fi gure 8. 19 c)), show a very little compositional 
gradient in the vicinity of the oxide/coating interface, the remaining portion of the profi les 
indeed reflecting the nominal Cr concentration of the substTate. 
As a consequence of enhanced diffusion phenomena, the predicted concentration-distance 
profiles appear to embrace increasingly greater distances with rising time and temperature of 
exposure. The concentration-distance profil es for AI and Cr at 1050°C, in particular, exhibit 
very clearly a recession of the outer surface of the coat ing, located on the outenmost node of 
the grid, the position of which appears to be shifted furthe r away from the Y axis compared to 
that of the 850 and 950°C counterparts. 
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The plots presented in figures 8.20 and 8.21 provide fl1l1her evidence to support what has 
been discussed in relation to fi gure 8.19. The comparison made between the predicted Al 
concentration-distance profiles as a function of oxidation time (see figure 8.20) suggest that a 
visi ble difference ex ists between the nodal concentrations predicted at 850°C after 5000 and 
10,000 h exposure. In contrast, the concentration values output for 950°C, and more 
particularly the ones related to 1050°C, show a much less marked difference as the oxidation 
time increases from 5000 to 10,000 h. Both at 950 and 1050°C, in fact, the oxidation kinetics 
progresses at a rate which allowed the nodes within the bulk of the coating to reach the 
substrate Al concentration fairly rapidly, and hence reverse diffusion (i .e. from the substrate 
towards the coating surface) was induced. 
This behaviour appears even more enhanced on the concentration-distance profiles predicted 
for Cr, as can be seen in figure 8.2 1, where also at 850°C there seems to be a negligible 
difference between the concentration va lues for the two oxidation times. It should also be 
noted that at 1050°C, (see figure 8.2 1 c», the concentration-distance profile output by the 
model for 10,000 h exposure is characterised by a compositional gradient almost equal to zero 
across the whole diffusion region. This condition nearly coincides with the absence of a 
driving force for a chemically-driven diffusion process to take place. Unlike the Al 
counterpart, however, the Cr concentration-distance profile in thi s model was not allowed to 
undergo near-surface depletion, hence a condition in which there was no concentration 
gradient cou ld indeed be regarded as a steady-state condition for this diffusing element. 
It should be noted that, as explained in section 8.3 .3.4, if no concentration gradient was 
detected at the inner end of the diffusion zone, the grid was not allowed to further expand, and 
a contraction might be predicted as a result of the continued inward shift of the outer surface 
of the coating. Forcing the grid to expand by applying the M-L transformation even for very 
small concentration gradients could prevent this from happening, however it might result in 
an excessively wide diffusion region. 
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Figure 8.19 COllcelltratioll-distance profiles predicted by the lIIodel at various telllperatures /or a) AI after 5000 h, b) AI after 10,000 h, c) Cr 
after 5000 h, alld d) Cr after 10,000 h ( AMDRY997IDCT6 system). 
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Figllre 8.20 Comparison between the model predictions for Al concentration-distance 
profiles at aJ 85(/'C, b) 95(/'C, and c) J05(/'C (AMDRY997IDCT6 system). 
a) 
b) 
c) 
8 
7 
6 
;?5 
0. 14 
;;' 3 
2 
0 
0 50 100 150 200 250 300 350 
Node Position (um) 
4.5,---------------------, 
4 
3.5 
_ 3 
~ 25 
;: '2 
;;' 1.5 
1 
0.5 
O+--~--~--~--~--r_-~--~ 
o 50 100 150 200 250 300 350 
Node Posi tion (~m) 
4,--------------------, 
3.5 · 
3 · ."",.-
'j: 2.5 
~ 2 
;;' 1.5 · 
0.5 
O+-----~-~--~---------~ 
o 50 100 150 200 250 300 350 400 
Node Position (~m) 
. 5000 h . 10,000 h 
274 
Figure 8.21 Comparison between the model predictions for Cr concentration-distance 
profiles at a) 85(/'C, b) 95(/'C, and c) l05(/'C (AMDRY9971DCT6 system). 
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Model calculations were also perfomled on the AMDRY997/CMSX4 B/C HC system, the 
resu lts of which are shown in fi gure 8.22 . Oxidation time and temperature equal to 1000 h and 
950°C respectively were input, since experimental data were available for these speci fi c 
conditions to allow for a comparison between predicted and measured concentration values, 
as discussed in the next section. It should be noted that although the coating was still 
AMDRY997, the substrate material was characterised by AI and Cr contents significant ly 
different (rom those of DCT6 previously presented (see tab le 3. 1 chapter 3). In the 
AMDRY997/CMSX4 B/C HC system, the initial AI and Cr concentration gradients between 
the coat ing and the substrate were much lower and much higher respectively than the ones 
existing in the AMDRY997IDCT6 counterpart. 
Figure 8.22 Concentration-distance profiles predicted for a) Al and b) Cr (95(fC-1000 h, 
AMDRY9971CMSX4 BIC HC system). 
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8.3. 7 Validation of Model Predictions Against Experimental Data 
In order to va lidate model predictions against experimental data, concentration-distance 
profiles were measured on AMDRY997/DCT6 samples which had previously been 
isothermally heat treated fo r 5000 and 10,000 h at 850, 950 and 1050°C, and on one 
AMDRY997/CMSX4 B/C HC sample thermally exposed fo r 1000 h at 950°C. For such 
purposes, EDX elemental maps were acq uired from the various samples by using the 
Multipoint software package and the FEGSEMlEDAX system, described in chapter 3. Figures 
8.24-8.29 show the regions mapped, the corresponding grid of points where available, and the 
related AI and Cr concentration-distance profiles for each of the samples analysed. 
The data obtained from each map were sorted by the position occupied by the corresponding 
point in each row of the grid . These values were first added up and subsequently averaged, 
then plotted as a fl111ction of distance. The red curves superimposed on each concentration 
versus distance plot were obtained by adjacent averaging of all the data. Concentrations 
measured w ithin the oxide scale, characterised by very high AI contents, were not included 
among the data being processed. This was done because the outer boundary of both measured 
and predicted concentration-distance profiles was supposed to coincide with the oxide/coating 
interface. 
Furthermore, all measurements that might have possibly been acquired from Cr-rich phases 
eventually present within the IDZ of samples exposed at 850 and 950°C were also excluded 
from the averaged data, in order to minimise the degree of scatter and the overlap with any 
phases other than y- i. Figure 8.23 shows a typical concentration-distance profile for Cr 
acqu ired along a row of points across the coatinglinterdi ffusionlsubstrate regions for a sample 
exposed at 950°C. The points highl ighted in red represent typical values which are assoc iated 
with Cr-rich phases at the coatinglsubstrate interface and would have not been used to 
calculate the average Cr concentrat ion across that distance. It should be noted that the 
concentration-distance profiles predicted by this model were related to diffusion of key-
elements onl y withi n y-Ni, hence the presence of other phases was not acco unted for. 
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Figure 8.23 Example oJ a typical cOllcentration/distance profile Jor Cr acquired Jor a row oJ 
poil/ls fi"Oln an AMDR Y997/DCT6 sample previously exposed at 950"C. 
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As can be seen from figures 8.24 c), 8.24 d), 8.25 c) and 8.25 d), the concentration values 
collected within the coating region of DCT6 A5 (5000 h-850°C) and DCT6 A6 (10,000 h-
850°C) appear quite scattered, since 13 and y' particles were uniform ly dispersed in the y 
matrix of the areas mapped (see figure 8.24 a) and 8.25 a)). It is therefore thought that, due to 
their random nature and size, most of the EDX measurements were probably performed on 
these particles, and/or might have possibly been affected by overlap of such phases with the 
surrounding matrix. 
However in spite of this, though, it is possible to observe the presence of an AI-depleted 
region (see figures 8.24 c) and 8.25 c)), and a Cr-enriched layer in the vicinity of the 
oxide/coating interface (see figures 8.24 d) and 8.25d)). At distances beyond 200 flm for 
DCT6 AS, and approximately 250 I-lIn for DCT6 A6, where the coatinglsubstrate interfaces 
are approximately located, the average AI and Cr concentrations appear quite close to the 
composition of the substrate material. Furthermore, the average AI concentration-distance 
profile of DCT6 A6 (see figure 8.25 c) displays a peak at a position roughly corresponding to 
that at which the presence of a continuous y'-enriched layer is encountered within the IDZ of 
this sample. 
Likewise, the average AI concentration values measured on DCT6 CS and DCT6 C6 (see 
fi gures 8.26 c) and 8.27 c)) are both characterised by the presence of a peak within the IDZ. 
As for the 850°C samples previously discussed, these peaks have been ascribed to EDX 
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measurements poss ibly carried out on the y' -enriched layer adjacent to the coatinglsubstrate 
interface. Furthemlore, a portion highly depleted in Cr can be observed in fi gure 8.27 d), in 
the same position as that of the AI peak (see figure 8.27 c)). 
It should also be noted that the coating region analysed on sample DCT6 CS was mainly 
constituted of y' unifonn ly di stributed in y, with very little ~ phase being present. In the 
coating region mapped on DCT6 C6, on the other hand, no ~ phase was observed, despite it 
being predicted otherwise by thennodynamic equi librium calculations. However, as explained 
in section 7.S.2, the complete di ssolution of ~ in DCT6 C6 is not thought to be entirely the 
result of a rather fast ox idation process. It is in fact believed that the oxidation kinetics in all 
of the DCT6 samples thennally exposed at 9S0°C might have also been affected by the initial 
thickness of the coating, which was suspected to be smaller than that of the samples heat 
treated at 8S0 and 10SO°C. This was attributed to a variation in coating thickness on the bars 
supplied, a single bar being used for samples heat treated at different temperatures. 
Figures 8.28 and 8.29 refer to the average concentration-distance profiles measured for AI and 
Cr on DCT6 ES and DCT6 E6. As can be seen from figures 8.28 a) and 8.29 a), the coating 
regions mapped in both these samples comprised almost entirely of the y phase, with no y' or 
~ being present. The average AI and Cr concentrations show a very unifonn trend throughout 
the who le coating, and are in good agreement with the composition of y detected in the 
coatings of these two samples, and presented in section 7.S.4. In contrast, beyond the 
substrate/coati ng interface, the data appear quite scattered, due to the overlap between y and 
y' . 
Figure 8.29 shows the results of the EDX elemental mapping perfonned on CMSX4 B/C HC 
thennally exposed for 1000 h at 9S0°C. As can be seen from figure 8.30 c), the area analysed 
consisted almost entirely of the coating region and the IDZ, with on ly a small portion of the 
substrate being considered . The average AI concentration-distance profiles display an AI-
depleted region adjacent to the oxide scale where very coarse y' precipitates can be found, and 
which also corresponds to the zone of the coating where ~ was not present. In the bulk of the 
coating, where the AI-rich phase was present, the average AI concentration values are greater, 
and they then start decreasing again as the IDZ, hence the coati nglsubstrate interface, IS 
approached. The average Cr concentration-distance profile shown in figure 8.30 d) IS 
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characterised by a very steep concentration gradient in the IDZ, which is attributed to the 
presence of p phase (lower content) distributed on the continuous y' -enriched layer. 
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Figure 8.24 a) Multipoint grid of the region scanned, b) micrograph showing the area scanned, c) measured A I concentration-distance profile, 
d) measured Cl' concentration-distance profi le (AMDRY997IDCT6 85rfC-5000 h) , 
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Fig ure 8.25 a) Muilipoinl grid of the region scallned, b) micrograph showillg the area scalllled, c) measured AI cOllcelltratioll-distallce profile, 
d) measured Cl' cOllcelltratioll -distallce profile (AMDR Y99 71DCT6 85(fC- IO,OOO h). 
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Figure 8.26 a) Multipoillt grid of the regioll scalllled, b) micrograph s//O willg the area scalllled, c) measured AI cOllcelltratioll-distance profile, 
d) measured Cr cOllcelltration-distallce profile (A MDR Y9971DCT6 95(fC-5000 h) . 
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Figure 8.2 7 a) Multipoint grid of the region scanned, b) micrograph showing the area scanned, c) measured AI concentration-distance profile, 
d) measured Cr concentration-distance profile (AMDRY997IDCT6 95(fC- I O,OOO h) . 
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Figure 8.28 a) Multipoint grid of the region scanned, b) micrograph showing the area scanned, c) measured AI concentration-distance profile, 
d) measured Cl' concentration-distance profile (AMDR Y9971DCT6 I05rf'C-5000 11). 
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Figure 8.29 a) Multipoint grid of the region scalllled, b) lIIicrograph showillg the area scallned, c) lIIeasured AI cOllcell/ration-distallce profile, 
d) measured Cr cOllcentration-distance profile (AMDRY997IDCT6 I 05(fC- JO,OOO h). 
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Figure 8.30 a) Multipoint grid of the region scanned. b) lIIicrograph showing the area scanned, c) measured AI concentration-distance projile, 
d) measured Cr concentration-distance projile (A MDI? Y99 71CMSX4 BIC /-IC 95(fC-1000 h). 
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In order to assess the accuracy and reliability of the results output by th is model , the average 
concentration-distance profiles experimentally acquired by EDX elemental mapping 
previously di scussed were compared with the corresponding model predictions presented in 
section 8.3.6. The results of such a compari son for the AMDRY997/DCT6 system are 
presented in order of increasing time and temperature of oxidation in fi gures 8.3 1-8 .33. In 
fi gure 8.34, the average concentration va lues measured for Al and Cr in CMSX4 B/C H C C3 
are compared with model predictions. 
At 850°C, there is very good agreement between the predicted and the experimentally 
measured values of the Al concentrations at the oxide/coating interface and in its vicinity, as 
shown in figures 8.3 1 a) and 8.31 c). [n contrast, in the region corresponding to the bulk of the 
coating the model predictions seem to underestimate the experimentally measured Al content. 
This is thought to be partl y due to the fac t that, as opposed to the predicted values, the 
measured Al values do not necessaril y refer to concentrations in y, but are most probably 
related to phases with higher Al contents, such as 13 and y', present in the bu lk of the coating. 
At distances greater than that corresponding to the coatingisubstrate interface, a good match is 
again found between the predicted and the measured Al concentrations, which in both cases 
re fl ect the nominal composi tion of the substrate. 
The Cr concentrations predicted at 850°C fo r 5000 and 10,000 h exposure (see figure 8.3 1 b) 
and d» , at the oxide/coating interface and within very short di stance from it, agree reasonably 
well with the experimental data. However, the gradual decrease in Cl' concentration predicted 
by the model as the substrate nominal composition is approached, is not refl ected very we ll in 
the measured values. Indeed, figure 8.3 1 b) shows that the convex portion of the predicted 
profil e sli ghtly overestimates the measured Cr concentrations. In the case of AI, thi s 
discrepancy is believed to mainly ari se from the presence of phases with a low Cr content, 
di stributed in the y matrix of the samples analysed. A better agreement between measured and 
predicted nodal concentrations is found at di stances greater than approximately 80 flm, where 
the calculated values start decreasing, finally reaching a plateau as they equate to the substrate 
concentration. 
Similar trends are observed in fig ure 8.3 1 d), although in thi s case, at distances within 
approx imately 50-70 fl m from the oxide/coating interface, predicted and measured Cr 
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concentrations compare slightly better than they do for 5000 h exposure. This can be 
explained by considering that the shape of the concentration-distance profile predicted for 
10,000 h exposure is monotonicall y decreasing until the nominal Cr concentration of the 
substrate is reached. Furthermore, in the plateau region of the Cr concentration profiles 
predicted for 5000 and 10,000 h oxidation times (see figures 8.31 b) and 8.3 1 d)), the 
corresponding measured va lues appear lower, possibly because they might have suffered from 
overl ap with y', which was the predominant phase in thi s region of the samples mapped. 
At 950°C, the AI concentration-distance profile predicted for 10,000 h exposure (see figure 
8.32 c)) overall shows better agreement with the experimental values than after 5000 h, shown 
in fi gure 8.32 a). The difference in the trends observed at the two oxidation times is thought to 
be mainly due to the presence within DCT6 CS of a smal l vo lume fraction of ~, as we ll as 
greater proportions ofy' than those experimentally observed in DCT6 C6. [n the latter sample, 
therefore, the possibility that the AI-rich phases might have altered the results of EDX 
measurements during the mapping was more limited, hence the smaller divergence observed 
between the AI concentrations measured and the ones calculated by the model as a result of 
diffusion in y only. 
The model was unable to predict the peaks observed in the measured AI concentrations at 
either of the two oxidation times at 950°C, which would indicate the presence of the 
continuous y' -enriched layer within IDZ (see figures 8.32 a) and 8.32 c)) . This is due to the 
fact that the kinetics of phase transformation are not accounted for within this model, 
therefore nucleation and growth of phases are not simulated as part of the high-temperature 
acti vated phenomena, and a single-phase field is assumed to be present throughout the entire 
duration of the diffusion process. 
For both 5000 and 10,000 h exposure, the Cr nodal concentrations predicted at 950°C would 
suggest that the model significantly underestimates the Cr content experimentally detected in 
the related samples. Assuming that equation 8.30 appropriately describes the boundary 
condition for Cr, which indeed affects the entire concentration-distance profile, it is believed 
that the value assumed by the time increment at each iteration was in actual fact the parameter 
which most influenced the results of model predictions at 950°C. It seems as if the limjtations 
imposed by the stability criterion (equation 8.1 4) on the increase in LIt were perhaps too 
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robust, hence leading to rather small values of the time increments used at each iteration. If 
this were indeed the case, the model would overestimate the oxide/coating interface velocity, 
appearing in differential terms as az in equation 8.30. As a consequence of thi s, the Cr 
at 
concentTations at the outer surface of the coating (cc,o), predicted by means of equation 8.30 
and the related Fick 's first law, wou ld be much lower, inducing a drop in all the other nodal 
concentrations in the grid. 
However, in view of the considerations previously made with regard to the discrepancies in 
the experimental data used to estimate the oxidation rate constants at 950°C, it is thought that 
the potential inaccuracy of such parameters might have also negatively affected the output of 
model calculations, in terms of the predicted oxidation rate at thi s temperature. In addition to 
this, it is also thought that the approximations made in thi s study to determine the ternary 
interdiffusion coeffici ents for 950°C, might have also had some minor repercussions in the 
outcome of model calcu lations. 
As can be seen from figure 8.33 a), at 1050°C-5000 h the Al concentration predicted at the 
oxide/coating interface shows very good agreement with the corresponding measured value. 
For those nodes positioned well within the coating (i.e. at distances less than approximately 
170 ~lm from the oxide/coating interface), the values predicted by the model seem to be 
reasonably close to the Al concentrations effectively measured. On the other hand, at 
di stances greater than 170 ).tm, it appears that the model predictions slightly underestimate the 
experimental data. This could be ascribed to the random nature of the EDX measu.rements, 
wh.ich probably suffered from overlap between the y matrix and the coarse y' particles 
experimenta ll y found with in th.is region of the sample mapped. 
At 1050°C-I 0,000 h exposure (see figure 8.33 c», although the experimental data suggest that 
within the entire coating region the Al content is almost constant, the model did not output the 
same trend, but it indeed predicted a gradual increase in the Al concentration go ing from the 
oxide/coating interface towards the substrate. This is due to the speci fic nature of the finite-
difference expressions used in thi s model to so lve the differential diffusion equations. As long 
as a concentration gradient exists at the two endpoints of the diffusion zone, as in this case, 
the F-D method gives ri se to a curve characteri sed by a continuous incremental increase of the 
nodal concentrations, without discontinuities, i.e. sudden increase or decrease of the slope of 
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the curve. The trends observed on the Cr concentration-distance profiles presented in fi gures 
8.33 b) and 8.33 d) are very similar to those shown in fi gures 8.32 b) and 8.32 d) . The 
considerations previously made to explain the results obtained for Cl' at 950°C also app ly to 
di ffus ion at 1050°C. 
In figure 8.34, the results of model predictions for CMSX4 B/C HC C3 are compared to the 
experimental measurements. Good agreement is found between the ca lcu lated and the 
experimental AI concentrations for the nodes located at distances wi thin approx imately 50 flm 
from the outer surface of the coating. It should be noted that this region corresponds to the 
outer p-depleted region of the sample in question. Beyond this point, the predicted and 
measured values do not compare as well, poss ibly because the EDX measurements, as 
opposed to the model predictions, refer to the AI content of phases other than y. Better 
agreement is observed at distances greater than 150 flm, corresponding to the inn er p-depleted 
region of the coating, which precedes the IDZ and the substrate. 
The convex pOltion of the concentration-di stance profi le predicted for Cr, and shown in figure 
8.34 b), does not seem to agree very well wi th the experimental data. These are indeed lower 
than the calculated values, and mostly around the same average value (i.e. - 10.5 wt.%), much 
below the typical Cr content of y predicted by thermodynamic equilibrium calculations. As 
previously highlighted in section 8.3.6, the inner end of the measured concentration-distance 
profile is very likely the result of EDX measurements which might have been affected by 
overlap with the fl phase (very low Cr content), distributed within the IDZ. 
The resu lts of all compari sons made between model predictions and experimental data so far 
discussed, strongly highlight the implications involved with the assumption that diffusion in 
any of the systems modelled occurred within a single-phase field, i.e. only in y-Ni. It has 
indeed been shown that there is better agreement between the AI concentrations predicted by 
the model and the experimental data for those portions of the coating which did not contain 
significant vo lume fractions of AI-rich phases, such as P and y' . These phases are certainly 
expected to induce an increase in the average Al content, which however was not predicted by 
the model since th is only accounted for diffusion in y. 
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FU l1hennore, the results output by the model for Cr, both at 950 and 1050°C, suggest that 
although the stability criterion used for such temperatures will have guaranteed a good level 
of convergence of the fi nite difference expressions to the numerical so lutions of the 
differential equations, it perhaps imposed excessive limitations on the increase of LIt values, 
expected to take place as oxidation times get larger. This should be regarded as one of the 
potential reasons for the inaccuracy of model predictions under some of the time-temperature 
cond itions analysed. 
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Figure 8.31 Comparisoll betweell predicted alld measured a) AI cOllcelltratiolls, 850"C-5000 h, b) Cr cOllcentratiolls, 850"C-5000 h, c) AI 
cOllcelltratiolls, 850"C-JO, 000 h, d) Cl' cOllcell tratiolls, 850"C- JO,OOO h (AMDRY997IDCT6 system). 
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Figure 8.32 COII/parisoll bet\lleell predicted alld measured a) AI cOllcelltratiolls, 95(fC-5000 11, b) Cr cOllcelltratiolls, 95(fC-5000 11, c) AI 
cOllcelltratiolls, 95(fC- IO,OOO 11, d) Cr cOllcelltratiolls, 95(fC-IO,OOO 11 (A MDRY997IDCT6 systell/). 
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Figure 8.33 COlllparisoll betweell predicted alld lIleasured a) AI cOllcelltratiolls. 105(fC-5000 11, b) Cr cOllcelltratiolls, 105(fC-5000 11, c) AI 
cOllcelltratiollS, J 05(fC- 1 0, 000 11, d) Cr cOllcell tratiolls, I 05(fC- 1 0, 000 11 (A MDRY99 7IDCT6 systelll). 
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Figure 8.34 Comparisoll between predicted alld measured a) AI concelltratiolls, 95Cf'C-IOOO 
11, alld b) Cl' cOllcentralions, 95Cf'C- I OOO h (AMDRY997ICMSX4 BIC HC system) 
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8.3.8 Thermody"amic Equilibrium Calculatiolls 
Thennodynamic equil ibrium calculations were perfomled by means of the MTDAT A 
software program, in order to detennine the equilibrium phases and the corresponding 
amounts, related to the predicted and measured concentration-distance pro fil es, shown in 
previous sections. These calculations also enabled assessment of MTDATA (or equall y 
ThennoCalc) as a potential tool to predict microstTucnl re evolution as a function of time and 
temperature associated with the compositional changes calculated by the model. 
In all of the ca lculations, the Al and Cr concentrations used, both in the coating and in the 
substrate region, were ei ther those calculated by the model or those experimentally measured 
by the EDX elemental maps. However, for the nodes located within the coating region, the 
Ta nomi nal concentration of AMDRY997 was also input, i being always the balancing 
element. This was done in order to refl ect the actual composition of the coating, which indeed 
did contain Ta, although this element was not included within the model predictions. 
Furthermore, to account for any difference in composition between the coating and the 
substrate materi als, the nodes located beyond the coatinglsubstrate interface were given the 
nominal substrate composition in terms of all other elements except Al and Cr, with Ni again 
being the balancing element. The coati nglsubstrate interface was roughly ident ified by 
associating it wi th the conti nuous y'-enriched layer where present, or alternatively with the 
very coarse y' precipitates, as the ones typ ically observed in the IDZ of DCT6 E5 and DCT6 
E6. The results of all calculations are presented in order of increasing time and temperature of 
oxidation in fi gures 8.35-8.41. 
In figure 8.35 , the results of thermodynamic equilibrium calculations related to the measured 
Al and Cr va lues (see fi gure 8.35 a)) are compared to the ones obtained using model 
predictions (se figure 8.35 b)). Despite a reasonably good agreement between the amounts of 
y' and y being predicted in both cases for distances less than approximately 50 flm from the 
oxide/coating interface, the results shown in figures 8.35 a) and 8.35 b) overall appear 
significantly di fferent. In parti cular, the MTDATA calculations performed with the predicted 
Al and Cr concentrations clearly seem to underestimate the amount of ~, which indeed was 
experimentall y observed within thi s sample. This can be explained by considering that, as 
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discussed in section 7.2, the ~ phase at 850°C is not predicted to be thermodynamically stable 
for AI contents lower than 6 wt.%. 
In figure 8.35 b), as the coatinglsubstrate interface is approached (node position :::; 2 15 ~m), 
there is a signi ficant increase in the amount ofy, with the opposite behaviour being observed 
for y', which in fact do not refl ect the results of thermodynamic calculations re lated to the 
measured AI and Cr values (figure 8.35 a)). Beyond the position of the coatinglsubstrate 
interface, however, good agreement is observed between the amounts of y and y' calculated 
with both sets of data. Both figures 8.35 a) and 8.35 b) show the presence of cr phase, 
predicted to be present in different amounts, for both cases, within the coating region. 
However, thi s prediction was not confirmed by the results of microstructural investigations 
carried out on the coating of this sample. 
Two peak values, related to the amount of cr, can also be seen in figure 8.35 a) within the IDZ, 
hence in the vicinity of the coatinglsubstrate interface. They are thought to be due to the 
sudden increase in the Cr concentration values experimentally detected as a resu lt of the 
presence of Cr-rich phases within the IDZ of the sample in question (see figure 8.24). 
Although such phases were identified in thi s study as poss ibly M23C6, it is believed that 
neither MTDA TA or ThermoCalc classify them as such because under thennodynamic 
equilibrium conditions, and not accounting for the diffusion of C, cr phase is potentially more 
thennodynamically stable than the Cr-rich carbide. 
The same comments can also be applied to the DCT6 A6 (see figure 8.36), and DCT6 C5 (see 
figure 8.37). However, the trends obtained within the coating region ofDCT6 CS for y and y' 
using model predictions (see figure 8.37 b)), re fl ect at least qualitatively the behaviour 
predicted by thermodynamic equilibrium calculations on the basis of the measured AI and Cr 
concentrations (see figure 8.37)). 
Better agreement is found between the results of thermodynamic equilibrium calculations 
performed with both predicted and measured AI and Cr concentrations for DCT6 C6, shown 
in fi gures 8.38 a) and 8.38 b). It shou ld be noted, however, that the predictions related to the 
model outputs (figure 8.38 b)) slightly overestimate the mass percentage of y and 
underestimate that of y' by abo ut 10 wt.%, compared to the results obtained with the 
298 
experimental data (figure 8.38 a)). Furthennore, cr phase, which appears within the IDZ in 
figure 8.38 a) , indeed is not predicted to fonn when the AI and Cr concentrations output by 
the model are used (figure 8.38 b)). 
Figures 8.38 c) and 8.38 d) also refer to DCT6 C6, but in this case the thennodynamic 
equi librium calculations were perfonned inputting a Ti content 0[0.85 wt.%, in addition to Ta 
and the Cr and AI concentration values predicted by the model, for the nodes located before 
the coatinglsubstrate interface. 0.85 wt.% approximately corresponds to the average Ti 
content experimentally measured within the coating region of this sample. Ti was included 
among the coating elements in order to assess its influence on the amounts of equilibrium 
phases predicted by MTDA T A, since as a y' -forming element it is expected to affect the 
thennodynamic stabili ty of this phase, and consequently of all other phases too. A comparison 
between the results obtained having included Ti within the coating (see figures 8.38 c) and 
8.38 d)), and those w ithout Ti in the coating (see figures 8.38 a) and 8.38 b)), would suggest 
that the major effect resulting from the presence of this element is a decrease in the amount of 
y, and a proportional increase in the mass fraction of y'. Furthem10re, the thennodynamic 
equilibrium predictions obtained including Ti in the composition of the coating give a better 
estimate of the proportions of the phases observed during microstructural characterisation of 
this sample. 
Despite the difference in the levels of Cr predicted and experimentally measured within the 
coating region of DCT6 E5 (see figure 8.33 b)), the results of them10dynamic equilibrium 
calculations for this sample are in very good agreement, as shown in figures 8.39 a) and 8.39 
b) . These findings, which correspond well with the results of experimental investigations 
perfom1ed on DCT6 E5, wou ld suggest that the magnitude of the AI content is indeed the 
most influential factor for the outcome of thennodynamic equi librium calculations. It is 
worthwhile restating that the results of sensitivity studies carried out for AMDRY997, 
discussed in section 7.5.2, indicate a very small thermodynamic stability for y' as the AI 
concentration approaches values of 2-3 wt.%, which are indeed very close to the ones 
measured and predicted values for DCT6 E5. M6C is predicted to fonn in very small amounts 
within the IDZ and the substrate of DCT6 E5 in relation to the AI and Cr concentrations 
measured (see figure 8.39 a)) . This is in contrast with what was obtained using the predicted 
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values (see figure 8.39 b)), and with what was indeed observed upon microstructural 
investigation of thi s sample. 
The same considerations also apply to DCT6 E6 as well as DCT6 ES, (figure 8.40 a) and b)). 
Figures 8.40 c) and 8.40 d) also refer to DCT6 E6, but show the resu lts of thermodynamic 
equi li brium calculations perfomled inputting 1.7 wt.% Ti , 1.5 wt. % Mo and 2.2 wt.% W for 
the nodes located before the coat inglsubstrate interface. These concentration values 
cOlTespond to the average Ti, Mo and W contents experimentally measured within the coating 
region of this sample. A comparison between the resul ts obtained accounting for these 
elements within the coating (see figure 8.40 c) and d)), and those wi thout (see figure 8.40 a) 
and b)), indicate that Ti has a dominant effect compared to Wand Mo. This is evidenced by 
the fact that despite the presence of Mo and W (both y-stab ilisers) within the coating, the mass 
!Taction of y is lower than it is in figure 8.40 b), and the opposite behaviour is observed for y' , 
stabi li sed by Ti. 
Figure 8.4 1 shows the thermodynamic equilibrium predictions for CMSX4 B/C HC C3. It 
appears quite evident that the predictions obtained for p with the calculated AI and Cr 
concentrations (figure 8.4 I b)), di ffer signi ficantly from the ones shown in figu re 8.41 a), 
which relate to the AI and Cr measured values, and indeed better match with experimental 
observations. The same considerations as the ones previously made for DCT6 AS, DCT6 A6 
and DCT6 CS, apply here to explain the similar trend observed on the AI-rich phase. The 
amounts of y and y' predicted for both measured and calculated Al and Cr contents, (figures 
8.4 1 a) and 8.4 1 b)), match reasonably well at distances less than approximately 50 f.UTI from 
the outer surface of the coating. Beyond this point, figure 8.41 a) shows a switch over 
between y, which decreases, and y', which instead increases. This behaviour is not observed in 
figure 8.4 1 b), because the AI concentrations predicted by the model in thi s portion of the 
coating which are signi ficantly lower than the measured values (see figure 8.34) . 
FurthemlOre, small amounts of the P-phase, which is W-rich, are predicted to form within the 
IDZ of CMSX4 B/C HC C3, according to the resu lts of themlodynamic equilibrium 
calculations for the AI and Cr measured concentrations only (see figure 8.41 a)) . In actual 
fact, a phase rich both in W and Re was experimentally found within the IDZ of this sample, 
and , as previously mentioned, was identified as f.l phase, mainly on the basis of the results of 
thermodynamic equilibrium predictions. 
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It should be noted that none of the thennodynamic equilibrium calculations cani ed out using 
the AI and Cr concentrations output by the model, seem to predict the peaks in the amounts of 
y and y', which were experimentally observed near the coatinglsubstrate interface in fi gures 
8.35 a), 8.36 a), 8.37 a), 8.38 a), 8.38 c) and 8 .41 a). These peaks are associated with the 
increase in AI content measured, but not predi cted, within the IDZ of samples DCT6 A5, 
DCT6 A6, DCT6 C5, DCT6 C6 and CMSX4 BC HlC C3, owing to the presence of a y'-
enriched layer experimenta lly observed in the vic ini ty of the substrate/coating interface. 
Tt is clear from thi s di scussion that the themlOdynamic equil ibrium calculations are very 
sensitive to the input AI concentrations. Indeed, the major differences detected between the 
results of thermodynamic equilibrium predictions related to the measured and calculated AI 
values, are observed in the amounts o f ~ predic ted at 850 and 950°C. At 1050°C, when thi s 
phase is no longer thermodynamically stable, good agreement is fo und between the 
themlodynamic equili briu m predictions related to the measured and the predicted AI contents, 
despite the sign ificant di fferences between the experimental and the ca lculated Cr 
concentrations. 
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Figure 8.35 Comparison between thermodynamic equilibrium predictions obtained for 
AMDRY9971DCT6 system, with a) AI alld Cr measured, 8Srf'C-SOOO h, b) Al and Cr 
predicted, 8Srf'C-SOOO h. 
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Figure 8.36 Comparison between thermodynamic equilibrium predictions obtained for 
AMDRY9971D CT6 system, wilh a) Al alld Cr measured, 85rJ'C-IO,OOO h, b) Al and Cr 
predicted, 85rJ'C-IO,OOO h. 
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Figure 8.37 Comparison between thermodynamic equilibrium predictions obtained for 
AMDRY9971DCT6 system, with a) Al and Cr measured, 95rtC-5000 h, b) Al and Cr 
predicted, 95rtC-5000 h. 
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Figure 8.38 Comparison between thermodynamic equilibrium predictions obtailled/or AMDRY9971DCT6 system, with a) AI alld Cr measured, 
95(fC- 10,000 h, b) AI alld Cr predicted, 95(fC-10,000 h, c) and d) as a) alld b) but with 0.85 wt.% Ti with ill coatillg. 
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Figllre 8.39 Comparison between thermodynamic equilibrium predictions obtained for 
AMDRY9971DCT6 system. with a) AI alld Cl' measured, l05rJ'C-5000 h, b) AI alld Cl' 
predicted, I05rJ'C-5000 h. 
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Figure 8.40 COlllparisoll betweelltherlllodYllalllic equilibriulII predicliolls obtailled/or AMDRY9971DCT6 systelll, with a) AI al/d Cr lIIeasured, 
105(fC- 10, 000 11, b) AI alld Cr predicted, 105(fC- 10,000 h, c) alld cl) as ill a) but with 1.7 wt.% Ti, 1.5 lVt. % Mo alld 2.2 wt.% W witilill coatillg. 
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Figure 8.41 Comparison between thermodynamic equilibrium predictions obtained for 
AMDRY9971CMSX4 BIC HC system, with a) Al and Cr measured, 950"C- IOOO h, b) Al and 
Cr prediCled, 950"C-IOOO h. 
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8.4 Summary 
This chapter has highlighted the importance of lifetime prediction methodologies needed for 
MCrA IY i-based superalloy systems in order to allow for a quantification of their high-
temperature oxidation behaviour, and hence their useable duration in service. An overview of 
the modelling activity can·ied out by previous investigators preceded a detailed description of 
the theory underlying the model developed as part of thi s research work. The fundamentals of 
the finite-di ffe rence method used within thi s model to numericall y so lve diffusion equations 
were discussed, together with all other operations perfonned by the computer program during 
each iterative calculation steps. 
The procedures fol lowed for the determination of all paranleters used by the model , such as 
interdiffusion coefficients, oxidation kinetics constants and time increment, were illustrated, 
highl ighting the influence which each factor has on the results of the model predictions. The 
concentration-distance profiles predicted by the model for AI and Cr within the 
AMDRY997fDCT6 system and AMDRY997/CMSX4 B/C HC were presented for di fferent 
time-temperature conditions. Model results were then compared to elemental concentration-
distance profiles, experimentally acqui red by means of the Multipoint software package 
coupled with the FEGSEMfEDAX system described in chapter 3. 
The chapter also presented the results of thermodynamic equilibrium calculations perfomled 
using MTDATA, associated with the compositional changes experimentall y measured and 
predicted by the model, for the AI and Cr within AMDRY997fDCT6 and 
AMDRY997/CMSX4 B/C HC systems. These results were compared and di scussed in the 
light of experimental observations via a detailed microstructural characterisation of the 
systems in question. 
The model developed as part of this stud y was able to predict AI concentration values at the 
oxide/coating interface which proved to be in good agreement with the measured values at a ll 
of the temperatures considered. As previously mentioned, the AI surface concentration for a 
coated system is indeed an important parameter because if accurately predicted could 
potentially be used to track coating life and quanti fy oxidation kinetics. 
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The concentration-distance profiles for Cr on the other hand were not as accurate as the AI 
ones. This was thought to have been caused mainly by the limitations imposed on the time 
increment by the stability criterion at each iteration, but also by the fact that the model did not 
take into account the thermodynamics of phase transformations occurring within the coating 
as well as at the coatinglsubstrate interface, where indeed the precipitation of Cr-rich phases 
was experimentall y observed to take place. 
At the higher temperatures good agreement was found between the results of theml0dynamic 
equil ibrium predictions performed by inputting the AI and Cr concentrations predicted by the 
model and those obtained by using the measured elemental concentrations. This indeed 
should be expected since this model was developed assuming a single-phase field , wh ich in 
fact in a coated system like the one being modelled is more likely to be encountered at high 
temperatures. At the lower temperatures, such as 850°C, the agreement was less marked, 
especially in the bulk of the coating where the model might have suffered from the 
assumption that a single-phase field existed. 
Additionally, it should also be noted that particularly at the lower temperatLlreS there was a 
discrepancy between the equilibrium phases and their amounts predicted at the 
coatinglsubstrate interface using the AI and Cr values output by the model and those obtained 
with the measured e lemental concentrations. This would confirm that, as already high lighted, 
the model accuracy was also affected to a certain ex tent by the inability to account for the 
formation/dissolution of phases within the coatinglsubstrate interface region. lndeed, in order 
to improve the accuracy of this model, the single-phase field approach should be replaced by 
a more comprehens ive one, which would enable the presence of other phases to be accounted 
for and modelled with regard to the diffusion of the main alloying elements with in them. This 
is discussed in more detail in chapter 9. 
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9. Conclusions and Future Work 
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9.1 Conclusions 
The conc lusions which arise from the various investigations carried out as part of this work 
are di scussed below in separate sections which refer to the microstructural characterisation of 
the uncoated materials, of the coated systems which had been thermally exposed, and to the 
outcome of the modelling activity respectively. 
9.1.1 VI/coated Materials 
The conventionally cast (CC) IN792 and the single crystal DCT6 materials , despite having 
very similar chemical compositions, displayed some significant differences in terms of 
microstructure and phase composition. The microstruct1lral investi gations performed on the 
uncoated, as-received IN792 sample revealed the presence of large yly' eutectic regions which 
were not fo und in DCT6. In add ition primary y' cuboidal precipitates and Ta-Ti-rich MC 
carbides were also observed in both of these materials. Furthermore, the y' phase within 
lN792 appeared to be richer in Ti than in DCT6, with the opposite trend observed to a lesser 
ex tent fo r Ta. The results of the EDX analyses obtained from the MC phase in both samples 
were, however, very similar. It is thought that the di fferences in phase composition, in 
addition to the fact that the eutectic regions were only detected withi n the CC IN792 sample, 
may have been the result of the different casting process and pre-service heat treatments 
which these two materi als were subj ected to. This could also explain the presence of 
secondary y' which was only detected within DCT6. The material s were therefo re found to be 
broadly similar, the main difference being the presence of the eutectic regions in the CC 
material s. Further investigations would be required to assess the influence of these 
microstructural differences on the mechanical behaviour of the two materials, which is of 
great importance in relation to their performance in service. 
The microstructure of the two C-containing variants of the "standard" CMSX4 material , i. e. 
B/C and B/C HC, presented some similarities to the CC lN792 sample discussed above due to 
the presence of similar yly' eutectic regions together with the TalTi-rich MC carbides which 
often occurred in thei r vicini ty. The CMSX4 B/C sanlple qualitatively appeared to contain a 
greater volume fraction of yly' eutectic precipitates than that of B/C HC, however, a 
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quantitative investigation would be required to confiml thi s observation. either of these 
microstructural features, i. e. eutectics or carbides, were observed within the "standard" 
CMSX4 materi al, which was characterised by a C concentTation significantly lower than that 
of the other two CMSX4 variants. [t is clear from these observations that the differences in 
carbon concentration might have been responsible for a change in the solidification 
behaviour, together with the formation of primary MC carbides, which was not unexpected, in 
the carbon-containing materials. 
The results of EDX ana lyses performed on the three CMSX4 materials indicated that as the C 
content increased, (i.e. from "standard" CMSX4 to the B/C HC grade), the primary y' 
appeared to become enriched in Cr, Co and Ta, with lower concentrations of Ti and Mo. 
Differences in phase composition were also detected in the MC carbide phase across the three 
CMSX4 grades. It appeared that an increase in C concentration was accompanied by a rise in 
the concentrations ofTi, Hf, Mo and Ta within MC, with the opposite behaviour observed for 
Re. It should be noted that the two C-contain ing CMSX4 grades experi enced slightly different 
pre-service heat treatments than that of the "standard" grade, and it is thought that thi s may 
have also have an important effect on the resulting microstructures of these three materia ls, in 
addition to the role played by the differences in C concentration which primari ly affect the 
solidification behaviour and the MC carbides. 
9.1.2 Coated Systems 
The themlodynamic equilibrium calculations performed on the AMDRY997 coating were 
able to provide a useful insight into the sensitivity of thi s coating to the diffusional transport 
of key elements, such as Al and Cr. The results of these sensitivity studies indicated that, as 
expected, Cl' had a stab ilising effect on the cr phase, which was also predicted to become less 
themlOdynanlica lly stable with increasing temperature. The thermodynamic stabi lity of ~­
NiAI appeared to be mainly influenced by AI, as expected, and by Cr to a lesser extent. It was 
also established that at higher temperatures the y phase should be the dominant phase in the 
coating, with the amounts ofy' and ~ becoming sign ificantly smaller. 
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The results obtained from thermodynamic equilibrium calculations were reflected in the 
outcome of microstructural investigations performed on a number of thermally exposed 
DCT6-coated samples, where indeed significant microstructural changes were found to have 
occurred as a consequence of thermal exposure. As expected, both the oxide thickness and 
the ~-depleted regions increased with increasing time and temperature of exposure. The 
variation in oxide thickness measured at different exposure times and temperatures as part of 
the modelling activity, highlighted the importance of this microstructural parameter for a 
quantitative description of the oxidation kinetics within coated systems. Additional 
investigations would however be required to further assess the potential use of the oxide 
thickness as a time-temperature indicator, with significant issues being the initial uniformity 
of the coating and the possibilities for spalling, particularly during thermal cycling which 
might be experienced in service. Furthermore, the oxide scale appeared to enrich in Cr, Y, Ta 
and Ti with increased thermal exposure. This microstructural observation provided evidence 
of high-temperature-activated diffusion mechanisms which involve other alloying elements, 
in addition to AI. This multi component diffusion led to important microstructural changes not 
only within the oxidation-affected zones, but also in the interdiffusion region (IDZ) across the 
substrate and the coating. 
The microstructural investigations performed within the IDZ of DCT6-coated systems also 
confirmed the significant role played by the chemically-driven diffusion of Cr from the 
coating towards the parent material. This promoted the formation of Cr-rich acicular 
precipitates growing into the substrate, which were only observed within the samples exposed 
at 850°C. Additionally, Cr-rich globular precipitates were detected within the l' -enriched 
layer of the interdiffusion region in all of the coated DCT6 samples thermally exposed at 850 
and 950°C. Due to the presence of C, W and Mo, these Cr-rich precipitates were identified as 
M23C6 from their chemistry, however, it was thought that this possibly evolved from a pre-
existing a-phase, which was initially rather thin and therefore difficult to analyse 
quantitatively, as a result of its C and Cr-enrichment during thermal exposure. Further 
investigations to confirm their crystallographic structure, would be required for conclusive 
identification. A y/ -rafted layer was also observed underneath the coating in all of the DCT6-
coated systems thermally exposed at 850 and 950°C, with the rafts oriented parallel to the 
coatinglsubstrate interface. 
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A comparison of the microstructural features described above with those occurring in the 
AMDRY997/CMSX4 B/C HC sample thermally exposed at 950°C, confirmed the crucial 
influence of the substrate on the resulting phase transformations which took place within the 
IDZ. Indeed, the microstructure of the interdiffusion zone in the CMSX4 B/C HC-coated 
system analysed appeared rather different than that of the coated DCT6 samples, in spite of 
identical coatings and thermal exposure. A W-Re-rich phase, identified as probably the fl 
phase, was detected within the CMSX4-coated sample, as opposed to the Cr-rich precipitates, 
probably M23C6, found in DCT6. 
The effects of thermal exposure were also evident in terms of phase transformations which 
involved carbide phases; MC was observed to 'dissolve' into M23C6, both in the substrate and 
IDZ of all the coated DCT6 samples exposed at 850 and 950°C. No such phase 
transformations were seen after exposure at 1050°C, suggesting that carbides may be a useful 
indicator of thermal history, especially if changes in their amounts and composition showed a 
consistent and measurable trend with time and temperature of exposure. This aspect was not 
investigated during this study, hence would require further assessment, however it has been 
established that C-containing single crystal alloys do indeed undergo similar carbide 
transformations to those previously observed in conventionally cast materials 
Changes in the chemical compositions of both y and y' were monitored across the 
coatinglIDZlsubstrate regions of all of the coated systems investigated, and showed quite 
consistent trends in relation to the different conditions of thermal exposure. Moving from the 
coating into the substrate, the concentration/distance profiles of all main diffusing elements, 
such as AI, Cr and Ta, were found to become less pronounced with increased time and 
temperature of exposure. This was expected to occur as a consequence of enhanced diffusion 
and increased diffusion distances across which elemental transport would occur. On the basis 
of the data gathered during this study, it is believed that the compositional changes 
experienced by the main phases within the coated systems analysed, in terms of key-diffusing 
elements such as Al and Cr, could be potentially used as an indicator of thermal history. 
However, further investigations would be required to monitor such compositional trends at 
longer exposure times than those analysed in this study, as discussed in 9.2. 
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9.1.3 Modelling Activity 
The diffusion-based model developed as part of this study was able to predict the Al 
concentration values at the oxide/coating interface with reasonable accuracy, as shown by 
their good agreement with the experimentally measured values at all of the temperatures 
considered. The model was also able to describe reasonably well the oxidation kinetics within 
the oxidation-affected region of coated systems, and confirmed that the Al concentration at 
the coating surface could potentially be used as a time-temperature indicator within oxidation-
based life-prediction methods. 
There was good agreement between the concentration-distance profiles predicted by the 
model for Al and Cr and those experimentally measured within the regions of the coated 
systems and for those time/temperature conditions where y was the predominant phase. A 
similar trend was found in relation to the thermodynamic equilibrium predictions of phases 
and their amounts associated with the experimental concentration-distance profiles. This was 
expected as a consequence of the assumptions underlying the model, where the coating was 
regarded as a single-phase field comprising only ofy. 
The concentration-distance profiles predicted by the model for Cr appeared to be less accurate 
than for AI, as indicated by their validation against experimental data. This is thought to have 
been caused mainly by the fact that the model did not take into account all aspects of the 
phase transformations occurring within the coating as well as at the coatinglsubstrate 
interface, where important phase transformations mainly involving er were experimentally 
observed. The experimental work has demonstrated that it is essential to account for the 
diffusion of alloying elements such as Ta and Ti, in order to fully describe the oxidation 
kinetics across the whole coated system. 
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9.2 Future Work 
A number of areas of future work have been identified as a result of this research work, and 
they are discussed below. 
Mechanical properties, such as creep resistance in particular, should be investigated for the 
IN792 and DCT6 materials, in order to assess the influence of the microstructural differences 
observed on their mechanical performance. Similar tests could be carried out for the three 
CMSX4 materials, and also in particular to investigate how the large eutectic regions evolve 
during thermal exposure. This would provide further indication of the influence of carbon 
concentration on the material's properties. 
High-temperature differential-scanning calorimetry (DSC) could be a useful technique for a 
quantitative study of the solidification behaviour of the different CMSX4 grades investigated 
during this research. This experimental information would help in assessing the influence of C 
concentration on important parameters, such as the incipient melting temperature and the y' 
solvus. These could then be compared to thermodynamic equilibrium predictions, which 
would also be a valuable validation. 
Significant differences were detected in the microstructures of DCT6-coated systems and 
CMSX4-coated systems, after thermal exposure, especially with regard to the 
coatinglsubstrate interdiffusion zone. It is therefore believed that a detailed microstructural 
characterisation of the thermally exposed AMDRY997/CMSX4 coated systems, in particular 
of the high-C variant, would be very useful in order to fully assess the influence of the parent 
material on the phase transformations and the diffusion phenomena which occur as a function 
oftime and temperature. 
The electron-back scatter diffraction technique (EBSD) may be useful for the characterisation 
of the crystallography of the Cr-rich phases detected within the IDZ of most DCT6-coated 
systems investigated, and has the advantage of being able to be applied on bulk material 
rather than very thin samples as with transmission electron microscopy. This additional 
information would allow for a conclusive identification of such phases, identified in this work 
mainly on the basis of the EDX analysis results. 
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It was also established that important diffusion phenomena, involving all the main alloying 
elements, take place across the whole coatinglIDZlsubstrate region upon thermal exposure. 
Their accurate quantification is crucial for the validation of diffusion-based models such as 
that developed during this study. The diffusional transport of the main alloying elements 
should be monitored further, through the acquisition of concentration/distance profiles from 
systems which have been thermally exposed for longer than 10,000 h, for example 20,000 h 
and above. 
A full integration of the diffusion-based model developed during this study with 
thermodynamic equilibrium calculations would also be beneficial. An extension to at least 
two dimensions should also be considered. The model itself could be further improved by 
allowing for the existence of a multi-phase field, and accounting for the diffusion of other 
alloying elements, such as Ta and Ti, which proved to become increasingly more important 
with increased thermal exposure. Furthermore, the model should be revisited in respect of the 
kinetics of Cr-diffusion, in particular, which appeared to be overestimated, especially at lower 
temperatures. More accurate diffusion coefficients for the elements of interest are also 
required, as they also proved to be very influential with regard to the accuracy of the model 
predictions. Finally, the diffusion model should be extended to encompass the possibility of a 
thermal barrier coating being present above the MCrAlY bond coat considered in this work. 
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